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Chapter 1. General Introduction 

 

1.1 Perovskite Oxides 

 

Some materials exhibit ferroelectricity below the phase transition temperature (Curie temperature, TC), 

whereas they adapt paraelectric phases at high temperatures. Because of ion displacements with respect 

to the nonpolar references, ferroelectric materials exhibit spontaneous polarization, Ps. The direction of Ps 

can be reversed by an external electric field. Such switchable polarization provides electromechanica l 

properties such as piezoelectricity.1 Ferroelectrics, therefore, find various applications, such as actuators 

and sensors. Since the first report of ferroelectricity in Rochelle salts 100 years ago,2 numerous 

ferroelectric materials have been studied. The most studied ferroelectrics are ferroelectric perovskite 

oxides, such as PbTiO3 and BaTiO3.3,4 They have the composition of ABO3, where A and B are cations. 

The wide variety of physical properties, such as ferroelectric, ferromagnetic, and catalytic properties, has 

been reported in perovskite oxides. Such excellent properties are governed by the composition and/or 

structural features, especially cation-cation, cation-vacancy and oxygen-vacancy orderings. The aristotype 

perovskite adopts a simple cubic space group Pm3̅m consisting of 5 atoms in a unit cell. In the ideal 

perovskite structure, the B cation is at the center of BO6 octahedra. The octahedra are linked by sharing 

their corners into a three-dimensional network. Each A cation is surrounded by 12 equivalent O ions. The 

structural stability of perovskite oxides is evaluated using the Goldschmidt tolerance factor,5 

t = (rA + rO) / √2(rB + rO), 

where rA, rB and rO are the ionic radii of twelve-coordinated A-cation, six-coordinated B-cation, and two-

coordinated O anion. These values can be obtained from Shannon’s reports,6,7 or they can be calculated in 

bond valence sum analysis when Shannon’s radii are not available.8,9 As t values increase or decrease from 

1, the distortion from Pm3̅m perovskite structure increases (Figure 1). 

 When t > 1, the B cation is too small for the oxygen octahedra so that the perovskite compound will show 

a polar displacement of the B cation, as in BaTiO3. When t = 1, the perovskite compound crystalizes into 

the ideal cubic phase, as seen in SrTiO3. On the other hand, for t < 1, the A cation is small for the space 

surrounded by the oxygen octahedra, leading to the BO6 tilts (GdFeO3-type tilts as in CaTiO3). If t is 

significantly small, the compound will favor a more distorted structure, such as a LiNbO3-type structure 

where A cations are coordinated by only six anions. LiNbO3-type compounds yield a combination of the 
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large tilts of BO6 octahedra and polar displacements of A- and B-site cations along the same axis. LiNbO3-

type compounds have so large structural distortions that they are seldom obtained by conventional solid -

phase reactions. Therefore, LiNbO3-type compounds have been often obtained under extreme conditions 

such as high pressure, as reported in LiNbO3-type MnTiO3.10 The LiNbO3-type compounds are very 

important groups of materials because of their ferroelectricity and optical second harmonic generation. 

 

1.2 Mechanism of Ferroelectric Distortions 

 

Ferroelectrics are classified according to their mechanisms, such as displacement type and order-disorder 

type. Herein, two significant effects, first- or second-order Jahn-Teller distortion and stereochemica l 

activity of ns2 lone pairs are introduced, which widely work in displacement-type ferroelectrics. The 

mechanism of the Jahn–Teller effect can be highlighted in a perturbative expansion of the total energy E, 

of a system with Hamiltonian ℋ in terms of the nuclear displacement, 𝑄.1 

E(𝑄) = E(0) + ⟨0|(𝜕ℋ/𝜕𝑄)0 |0⟩𝑄 + 1/2[⟨0|(𝜕2 ℋ/𝜕𝑄2 )0|0⟩ − 2∑
|⟨0|(𝜕ℋ/𝜕𝑄)0|𝑛⟩|2

𝐸𝑛 − 𝐸0
𝑛 ]𝑄2 + … 

The first term, E(0), refers to the total energy of the ground state. The second term is the contribution of 

the first-order Jahn–Teller distortion, which works only for nonzero d-electron systems with degenerate 

electronic ground states. This term leads the characteristic pyramidal distortions in d1 and d6 perovskites 

such as V4+ in PbVO3 (Figure 2) and Co3+ in BiCoO3.11,12 The pyramidal VO5 coordination lifts the 

degeneracy of t2g orbitals, and the one d-electron of V4+ occupies the dxy orbital lowered in energy. The 

third and fourth terms are the contribution of the second-order Jahn-Teller distortion, whose sign is 

determined by the magnitude of the two terms, ⟨0|(𝜕2 ℋ/𝜕𝑄2 )0 |0⟩  and 2∑ |⟨0|(𝜕ℋ/𝜕𝑄)0|𝑛⟩|2

𝐸𝑛 − 𝐸0
𝑛  . These 

terms provide off-center displacements of d0 metal cations such as Ti4+ in BaTiO3. The second-order Jahn-

Teller distortion is associated with the hybridization of the empty d orbital of the metal and the O 2p orbital. 

It has been reported that large off-center displacements are observed in the order of d0 cations’ 

electronegativity: Os8+, Mo6+, W6+, V5+, Nb5+, Ti4+, Ta5+, Hf4+, Zr4+, Re7+ and Y3+.13,14  

 On the other hand, the stereochemical activity of ns2 lone pairs also play a key role in ferroelectrics. Pb2+ 

is the most studied cation with this activity. It is known that the secondary Jahn-Teller effect of Ti4+ and 

the stereochemical effect of Pb2+ coexist in PbTiO3 as shown in the charge density map (Figure 3).15 

PbTiO3 exhibits a spontaneous polarization value about three times as large as that of BaTiO3, in which 
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only the former exists.16 Bi3+ has the same electronic configuration as Pb2+, and bismuth-based polar 

perovskite such as BiFeO3 have also been attracting much attention. 

 

1.3 Lead-Based and Lead-Free Ferroelectrics 

 

Due to the stereochemical activity of Pb2+, lead-based ferroelectrics show superior ferroelectr ic 

performance and high Curie temperature. Among them, Pb(Zr,Ti)O3 (PZT) is the most commercially used 

piezoceramics. Since it was first reported in 1951,17 PZT has been used for a long time.18 In recent years, 

however, environmental considerations have restricted the use of lead-containing materials, and the 

development of lead-free ferroelectrics is attracting more and more attention, as shown in the increasing 

papers on lead-free ferroelectrics (Figure 4).19,20 The example of currently studied lead-free ferroelectr ics 

includes BaTiO3, Bi0.5Na0.5TiO3, K0.5Na0.5NbO3, AgNbO3, NaNbO3, and BiFeO3-based materials, having 

second-order Jahn-Teller distortion of d0 cations or stereochemical activity of Bi3+. Development of lead-

free ferroelectrics utilizing these materials that can replace PZT is underway, not only by improving 

intrinsic factors such as crystal structure but also by improving extrinsic factors such as domain 

engineering.21,22 However, the developed materials are unfortunately not yet at the stage of practical use, 

and a breakthrough in lead-free ferroelectric is required. 

 

1.4 Polar Materials Synthesized at High Pressure 

 

As described in 1.1, the application of high pressure stabilizes metastable phases inaccessible under 

ambient pressures. In particular, new perovskites and related oxides have emerged through exploration of 

the high-pressure and high-temperature phases of ABO3 ternary systems.23–25 Especially, many LiNbO3-

type polar materials have been synthesized as retrograde products of high-pressure perovskite phases 

during decompression.10,26–28 About 20 LiNbO3-type compounds have been obtained by high-pressure 

synthesis, whereas only 6 LiNbO3-type oxides have been reported by conventional solid-state reactions 

under ambient pressure. In addition to LiNbO3, other lead-free polar materials such as BiInO3 and 

CaMnTi2O6 have been synthesized by high-pressure synthesis,29,30 indicating the importance of this 

technology. 
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1.5 Objective of This Thesis 

 

The objective of this thesis is to establish a novel strategy for lead-free ferroelectrics. In my thesis, by 

using the high-pressure synthesis technique, I have developed compounds with first- and second-order 

Jahn-Teller active cations, V4+ and Nb5+. The first-order Jahn-Teller active V4+ has the potential to exhibit 

larger displacement than second-order active d0 metals. Nb5+-based perovskites are the most studied lead-

free ferroelectrics, and it is important to extend their compositional space.  

First, I succeeded in enhancing the spontaneous polarization in a novel lead-free compound, CaMnTi2O6 , 

by partial V4+ substitution for Ti4+. This enhancement was achieved by the combination of a first-order 

Jahn-Teller active V4+ ion and an order-disorder mechanism in CaMnTi2O6. On the other hand, the 

presence of antisite disorder between Ca2+ and Mn2+ associated with Mn−V inter-metallic charge transfer 

resulted in decreases in spontaneous polarization in V4+-rich composition. 

Next, I synthesized a novel perovskite niobite, CuNbO3. I found this material shows a complex dipole 

ordering at room temperature, called “noncollinear ferrielectric”, where Cu+ ions are displaced almost 

parallel along one axis and Nb5+ ions move almost antiparallel along another axis. Interestingly, at 470 K, 

this compound transforms into a phase with collinear ferroelectric dipole order where Cu+ and Nb5+ 

displace parallel with each other. Immediately after the phase transition, CuNbO3 decomposes into Cu and 

perovskite-type CuNb2O6. The latter is a newly found metastable material, and its crystal structure and 

physical properties were investigated. This compound crystallizes in an A-site deficient quadruple 

perovskite structure and exhibits a colossal dielectric constant up to 104. This colossal value can be 

attributed to extrinsic effects, i.e., space charges, as previously reported in related compounds, 

CaCu3Ti4O12 and CuTa2O6.31,32   
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1.6 Figures 

 

 

 

Figure 1. Variation of structural distortion in perovskite oxides depending on the t values. 

 

 

 

Figure 2. VO6 octahedra and the corresponding energy diagram (a) without and (b) with the first-order 

Jahn-Teller distortion of V4+. 
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Figure 2. Total and valence electron density distributions of PbTiO3 in ferroelectric and paraelectric phases, 

obtained by the maximum entropy method/Rietveld analysis. Reproduced from Ref 15, with the 

permission of AIP Publishing. 

 

 

Figure 3. (a) The number of papers about lead-base and lead-free materials. Reproduced from Ref. 20 with 

permission from the Royal Society of Chemistry.  
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Chapter 2. Experimental and Computational Details 

 

2.1 Sample Preparation 

 

Polycrystalline samples of CaMn(Ti1−xVx)2O6, CaZnV2O6, CuTaO3, and CuNbO3 were prepared by high-

pressure and high-temperature methods. Stoichiometric amounts of starting materials, CaTiO3, MnTiO3 , 

Mn2O3, and V2O3 for CaMn(Ti1−xVx)2O6 with x ≤ 0.5, Ca2V2O7, CaTiO3, MnTiO3, MnO, and V2O3 for 

CaMn(Ti1−xVx)2O6 with x ≥ 0.6, Ca2V2O7, ZnO, and V2O5 for CaZnV2O6, Cu2O and Ta2O5 for CuTaO3, 

and Cu2O and Nb2O5 for CuNbO3, respectively were mixed carefully. Each mixed powder was put into a 

Pt capsule within a high-pressure cell and treated at 6 GPa and 1473 K for 30 min for CaMn(Ti1−xVx)2O6 , 

12 GPa and 1473 K for 30 min for CaZnV2O6, 6–12 GPa and 1273 K for and 30 min for CuNbO3, and 6–

12 GPa and 1273 K for 30 min for CuNbO3, followed by a rapid temperature quench and then a gradual 

pressure release. On the other hand, perovskite-type of CuTa2O6 and CuNb2O6 were synthesized at 

ambient pressure. High-pressure synthesized CuTaO3 and CuNbO3 were annealed in the air at 773 K for 

16 h, forming CuO and CuTa2O6, and CuO and CuNb2O6, respectively. The post-annealed samples were 

washed with concentrated hydrochloric acid. CuTa2O6 was also synthesized by the conventional solid-

state reaction, as previously reported.1 The 1.06 : 1 mixture of CuO and Ta2O5 was sintered at 1298 K for 

24 h, followed by a quench in a water bath. 

 

2.2 Sample Characterizations 

 

X-ray diffraction (XRD) patterns were recorded using RINT-2000 (RIGAKU) or D8 advance (Bruker) 

equipped with Cu Kα radiation. Synchrotron XRD (SXRD) patterns were collected at various 

temperatures on the BL02B2 and BL19B2 beamlines at SPring-8. The powder samples were loaded into 

Lindemann glass or quartz glass capillaries. Neutron powder diffraction (NPD) data were collected at 

room temperature on the D2B instrument at the Institut Laue-Langevin, Grenoble, with a sample powder 

encased in a vanadium can. The lattice parameters and atomic coordination were refined by Le Bail or 

Rietveld analysis using RIETAN-FP,2 FullProf,3 or JANA2006.4 The crystal structures were drawn by the 

program VESTA.5 
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Powder optical second harmonic generation (SHG) measurements at room temperature were performed 

using a pulsed Ti:sapphire laser (pulse width, 120 fs; repetition rate, 1 kHz; photon energy, 1.58 eV) or a 

pulsed Nd:YAG laser (pulse width, 25 ps; repetition rate, 10 Hz, photon energy 2.33 eV) as a light source. 

The samples were irradiated with the pulse, and a generated SHG pulse of 3.16eV or 4.66 eV was detected 

by photomultipliers. Electron diffraction (ED) patterns and bright-field images were taken from 

(quasi-)single-crystal domains at room temperature using a JEM-ARM200F (JEOL) TEM. Scanning 

transmitting electron microscopy (STEM) observations were conducted with the TEM equipped with an 

energy-dispersive X-ray (EDX) spectrometer. The probe-forming semi-angle for STEM was around 25 

mrad. High-angle annular dark-field (HAADF) images were acquired with an inner collection angle of 68 

mrad.  

Hard X-ray photoemission spectroscopy (HAXPES) measurements were carried out to evaluate the 

valence state of cations at the BL46XU beamline at SPring-8. The polycrystalline sintered body samples 

were fractured in the Ar-filled glove box. The binding energy was calibrated by the peak position of Au 

4f7/2 peak (84.0 eV) and the Fermi edge of a gold film sample. Cu and Nb K-edge extended X-ray 

absorption fine structure (XANES) spectra were measured in the transmission mode on the BL14B2 

beamline at SPring-8. The cation ratio within the sample was determined by an Inductively coupled plasma 

optical emission spectrometer (ICP−OES) on SPECTROBLUE (SPECTRO). Thermogravimetry-

differential thermal analysis TG–DTA was carried out using TG8210 (RIGAKU) upon heating at a rate of 

5 K min−1. The magnetic susceptibility data were collected using a superconducting quantum interference  

device magnetometer MPMS (Quantum Design) under an applied field of 100 Oe. The specific heat was 

measured using PPMS (Quantum Design). Frequency- and temperature-dependent complex dielectric 

constant and loss tangent were measured for pelletized samples with a frequency response analyzer, 4192A 

LF (Hewlett-Packard) or SI-1260 (Solatron). 

 

2.3 Computational Methods 

 

Electronic and crystal structures of CuNbO3 and LiNbO3 were calculated by Dr. Murata within the 

framework of density functional theory using the projector augmented-wave (PAW) method6 implemented 

in the Vienna ab-initio simulation package (VASP) code.7–9 The cut-off energy of plane waves was set to 

600 eV. The k-points sampling was performed by Γ-centered Monkhorst−Pack10 4×4×3, 4×4×4, and 
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6×6×6 meshes for Pc perovskite-type and R3c LiNbO3-type CuNbO3 and Cu2O, respectively. The 

exchange−correlational functional was evaluated with the PBEsol functional.11 The effect of Hubbard U 

was considered using Dudarev’s approach.12 The effective on-site Coulomb term, Ueff, was set at 3 eV. 

The initial electronic configurations for PAW potentials were 3s23p63d104s1, 1s22s1,4s24p65s24d3, and 

2s22p6 for Cu, Li, Nb, and O, respectively. The crystal structures were fully optimized until residual forces 

and stresses were less than 1.0×10−4 and 1.0×10−3 eV Å−1, respectively. Convergence tests were performed 

by comparing the results with more severe conditions, for example, 800 eV and two times denser k-meshes. 

I confirmed that total energies were converged within 3 meV atoms−1. 

Lattice dynamics calculations were performed by Parlinski-Li-Kawazoe method using phonopy code.13–

17 2×2×2 rhombohedral supercell was used for LiNbO3-type CuNbO3. Cu K XANES calculations were 

performed with the full-potential linearized augmented plane wave plus local orbitals method and the 

PBEsol+U (Ueff = 3 eV) functional available in the WIEN2kcode.18,19 A core-hole was directly treated for 

final-state calculations. The cut-off parameter of the plane wave, RMTKMAX, was set to 6.0 bohr Ry1/2. 

Calculated spectra were broadened by Lorenz functions with a natural width of Cu K shell.20 To correct 

the calculated transition energies, the calculated Cu K XANES spectra in the present study were shifted 

by −29.0 eV, corresponding to a transition-energy difference between the theoretical and experimental Cu 

KXANES spectra for the reference material, Cu2O. 
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Chapter 3. Enhanced Spontaneous Polarization by V4+ Substitution in 

CaMnTi2O6 

 

*This work has already been published in Inorg. Chem. 2020, 59 (16), 11749–11756. Reprinted with 

permission from “Fukuda, M.; Nishikubo, T.; Pan, Z.; Sakai, Y.; Zhang, M.-H.; Kawaguchi, S.; Yu, H.; 

Okimoto, Y.; Koshihara, S.-Y.; Itoh, M.; Rödel, J.; Azuma, M. Enhanced Spontaneous Polarization by V4+ 

Substitution in a Lead-Free Perovskite CaMnTi2O6. Inorg. Chem. 2020, 59 (16), 11749–11756.” Copyright 

2020 American Chemical Society. 

 

3.1 Introduction 

 

The most commonly used ferroelectrics, such as BaTiO3 and Pb(Zr, Ti)O3 are called displacive type 

ferroelectrics because their spontaneous polarization (Ps) is achieved by polar distortions of particular ions, 

such as the second-order Jahn-Teller distortion of d0 cations, Ti4+ or Nb5+.1–6 Recently, a tetragonal double 

perovskite-type CaMnTi2O6 has attracted much attention because it is an order-disorder type ferroelectr ic 

and thus potentially free from the size effects shared in displacive type ferroelectrics.7–10 The A-site Ca2+ 

and Mn2+ in CaMnTi2O6 are ordered in a columnar manner and present three types of coordination: ten-

coordinated Ca2+ (A-site), planar coordinated Mn2+ (A’-site), and tetrahedrally coordinated Mn2+ (A”-site). 

This kind of double perovskite-type oxides can therefore be discribed as A2A’A”B4O12. In CaMnTi2O6  

(Ca2MnMnTi4O12), the displacements of planar coordinated Mn2+ and octahedrally coordinated Ti4+ along 

the c-direction contribute to the net spontaneous polarization. It has been shown by a DFT calculat ions 

that the planar coordinated Mn2+ spontaneously moved off the plane is stabilized by interaction with the 

oxygen neighbors.9 In a paraelectric phase of CaMnTi2O6 (> 630 K), the planar-coordinated Mn2+ is 

displaced randomly, while in a ferroelectric phase, the cation is shifted to one direction, indicating that the 

paraelectric-ferroelectric transition is of the order-disorder type. In other words, the ferroelectric transition 

in CaMnTi2O6 is triggered by the ordering of Mn2+ positions.  

 PbVO3 is a polar perovskite isostructural with PbTiO3 but exhibits much larger spontaneous polarizat ion 

due to the ordering of dxy orbital of V4+ ion with d1 electronic configuration, i.e., the first-order Jahn-Teller 

distortion.11,12 The pyramidal VO5 coordination lifts the degeneracy of t2g orbitals, and the one d-electron 

of V4+ occupies the dxy orbital lowered in energy. However, such a giant polarization of V4+-containing 
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compounds has only been reported in combination with Pb2+ or Bi3+, having stereochemical activity of 

the 6s2 lone pair. For example, BaTiO3 is a ferroelectric compound due to the second-order Jahn-Teller 

effect of Ti4+, while BaVO3 with the first-order Jahn-Teller active V4+ ion crystallizes in a cubic 

paraelectric structure, even though these two compounds exhibit similar tolerance factors.13,14 

 Herein, I attempted to enhance the spontaneous polarization of lead-free CaMnTi2O6 by partially 

substituting V4+ for Ti4+. While the substitution of V4+ for Ti4+ in BaTiO3 results in the disappearance of 

the polarization, the polar distortion is expected to be preserved and enhanced in CaMnTi2O6 because the 

polar structure is triggered by the ordering of planar coordinated Mn2+ ions. My study would present a 

new guideline for designing superior lead-free ferroelectric materials. 

 

3.2. Results and Discussion 

 

Figure 1a depicts SXRD patterns for CaMn(Ti1−xVx)2O6 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) at room 

temperature. The patterns of V4+ substituted samples (x = 0.1–0.6) can be indexed with the tetragonal 

double perovskite A2A’A”B4O12-type structure. With further increasing x, CaMn3V4O12
15 appeared as a 

secondary phase, suggesting that this condition’s solubility limit was at around x = 0.6. It is known that 

the polar CaMnTi2O6 (space group: P42mc) and a nonpolar CaFeTi2O6 (space group: P42/nmc) yield very 

similar XRD patterns. Therefore, the polar character of CaMn(Ti0.4V0.6)2O6 (x =0.6) with the largest V4+ 

substitution was confirmed by an optical SHG measurement. As indicated by the red curve, quadratic to 

the incident laser power, the SHG signal was clearly observed from CaMn(Ti0.4V0.6)2O6, strongly 

indicating noncentrosymmetric crystal structure (Figure 1b). Therefore, I deduced that all of 

CaMn(Ti1−xVx)2O6 (x = 0–0.6) adopt the same polar structures. Rietveld refinements of SXRD data were 

carried out assuming P42mc CaMnTi2O6-type structure as initial models. The results of the fittings are 

displayed in Figures 2–8, and the refined structural parameters are listed in Table 1. The antisite disorder 

between Ca and Mn is suggested by my magnetic studies, as discussed later, but Ca and Mn cannot be 

distinguished by SXRD because of their close atomic numbers. Indeed, I performed the Rietveld 

refinements using the models with the antisite disordering of cations, such as 

(Ca1−yMny)2(Ca2yMn1−2y)Mn(Ti1−xVx)4O12 and (Ca1−yMny)2Mn(Ca2yMn1−2y)(Ti1−xVx)4O12, but they didn’t 

improve the fittings and were not employed in the final refinements. In the refinements of some 

compositions, the B(O) values were fixed at 0.3 Å2 concerning those in other compositions. The crystal 
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structure of CaMn(Ti1−xVx)2O6 (Ca2MnMn(Ti1−xVx)4O12) is depicted in Figure 9a. Figure 9b plots the 

lattice parameters (a, c, and V1/3) as functions of x. The unit cell volume monotonously decreases with 

increasing x values, mainly because of the shrinkage of the BO6 octahedra, as Ti4+ is substituted by smaller 

V4+.  

Next, I investigate the x value dependence of Ps. The black and red circles in Figure 10 present calculated 

total Ps values for the refined CaMn(Ti1−xVx)2O6 structures and those coming from B cations 

displacements, respectively, assuming the point charge model. The Ps value increases from x = 0 to 0.4, 

as I expected, and decreases with further increasing x values. The change in Ps is found to mainly result 

from the changing displacement of Ti4+/V4+. A clear P-E hysteresis curve at room temperature was 

observed for x = 0 as previously reported,7 but x = 0.2 sample exhibited a large leakage current, hindering 

the measurement (Figure 11). 

 The upper and middle panels of Figure 12a and b depict temperature dependence of dielectric constant, 

ε’, and loss tangent, tanδ, for CaMn(Ti1−xVx)2O6 with x = 0 and 0.2 at 1 MHz. One can clearly see the 

dielectric anomaly at 650 K for x = 0 and 610 K for x = 0.2, corresponding to the ferroelectric-paraelectr ic 

phase transition temperature, TC, as previously reported in CaMnTi2O6.7 Unfortunately, I could not obtain 

reliable dielectric data for x = 0.4 and 0.6 because of their large leakage currents.  

Another approach to determine the phase transition temperature, high-temperature SXRD experiment 

was therefore performed. The temperature dependence of the lattice parameters (bottom panels of Figure 

12a and b) reveals that the c length decreases on heating below TC and increases above TC. In the 

ferroelectric structure (< TC), the unit cell is elongated along the polar c axis due to the polar distortion. 

Such enhancement of the c-axis length becomes tiny as the temperature approaches TC. On the other hand, 

in the paraelectric phase (> TC), the c-axis length increases because of the normal thermal expansion. A 

slight difference was observed between the anomalies in dielectric permittivity and the c-lattice parameter 

of x = 0.2 sample. This is because of the coexistence of thermal expansion in the former. 

 The TC of x = 0.4 was estimated to be 450 K, which is the inflection temperature of the c-lattice parameter 

(Figure 13a). On the other hand, the change in the c-lattice parameter is not evident in the x = 0.6 sample 

between 300 and 700 K (Figure 13b), but since the polar character at room temperature is confirmed by 

SHG measurement (Figure 1b), TC of x = 0.6 would be slightly higher than room temperature. Thus, I 

found that TC decreases as x increases. It seems contradictory that Ps increases while TC decreases with 

increasing x values. This counterintuitive result will be discussed later. 
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Figure 14a features the temperature dependence of the magnetic susceptibility, M H−1 = χ(T) of 

CaMn(Ti1−xVx)2O6 (x = 0, 0.2, 0.4, and 0.6) measured in a magnetic field of 100 Oe after zero-field cooling. 

They all show antiferromagnetic transitions at similar temperatures ~10 K (see the inset in Figure 14a). In 

addition to the antiferromagnetic transition below 10 K, ferromagnetic- like behaviors were observed in x 

= 0.4 and 0.6 samples. However, I found they originate from a small amount of magnetic impurity not 

detectable in the SXRD measurement by carrying out specific heat measurements, as discussed later. 

The fittings to the Curie-Weiss law were carried out at 100–300 K based on the following equation: 

χ(T) = χ0 + 
𝐶

𝑇−𝜃W
, 

where χ0 is a temperature- independent term, C is the Curie constant, and θw is the Weiss temperature. The 

calculated C and θw values are plotted in Figure 14b. The negative θw values for all compositions imply 

the presence of antiferromagnetic interaction. The absolute values of θw drastically decrease between x = 

0.2 and 0.4. The C values for CaMn(Ti1−xVx)2O6 (x = 0 and 0.2) are close to the theoretical value for high 

spin Mn2+ (4.375), but drastically decrease for x = 0.4 and 0.6, even though the amount of magnetic ions 

increases with increasing x. These results suggest a considerable degree of antisite disorder between Ca2+ 

and Mn2+ in x = 0.4 and 0.6 samples. The decrease in C would be partially because ferromagne tic 

impurities at low temperatures (described below) hinder the calculation of C. Still, it would also be due to 

charge transfer between Mn2+ and V4+, as detected by HAXPES measurements.  

 Figure 15 present HAXPES spectra of Mn 3s and V2p for CaMn(Ti1−xVx)2O6 (x = 0.2, 0.4, and 0.6). It 

has been reported that the oxidation state of Mn can be determined from the magnitude of the two Mn 3s 

peaks splitting,16 unfortunately, that is not clear in the present case. On the other hand, the valence state 

change of V was clearly confirmed by fitting the V 2p data. Backgrounds were subtracted using the 

Tougaard method during the fitting. Since the peak intensity of V 2p for CaMn(Ti1−xVx)2O6 was too weak 

to perform the two Gaussian fitting, including the small contribution from V3+, the fitting was performed 

based on a single Gaussian peak, assuming only the V4+ contribution, as shown in the inset in Figure 15. 

The obtained full width at half maximum, FWHM values are 2.17(3) eV, 2.35(5) eV, and 2.55(2) eV for x 

= 0.2, 0.4, and 0.6, respectively. This result is consistent with an increased fraction of V3+ due to charge 

transfer between Mn2+ and V4+ with increasing x. 

Figures 16a and b depict the temperature dependence of the specific heat, Cp, for x = 0 and 0.4. The -

type peaks corresponding to the antiferromagnetic transitions at ~10 K are observed for both samples. On 

the other hand, no anomaly is found at 75 K for x = 0.4. Therefore, the ferromagnetic-like behaviors in x 
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= 0.4 and 0.6 are attributed to magnetic impurity phases. To further investigate the possibility of the above-

mentioned antisite disorder, I estimated the magnetic entropy gained at the antiferromagnetic transition. 

The magnetic specific heat, Cm, was calculated by subtracting the lattice contribution, Cl, which was 

estimated by fitting the data below 60 K to the following equation: 

Cl(T) / T = β1T2 + β2T4 

(Figures 16c-1 and d-1). The estimated values of Cm / T and ΔS for x = 0 and 0.4 are provided in Figures 

8c-2, d-2. The obtained entropy for x = 0 (13.8 J mol-1 K-1) is close to that for Mn2+ with S = 5/2 (14.9 J 

mol-1 K-1), while the value for x = 0.4 (9.5 J mol-1 K-1) is about 2/3. This also suggests that the 

antiferromagnetic ordering of CaMn(Ti1−xVx)2O6 with x = 0.4 is imperfect owing to the antisite disorder 

between Ca and Mn. 

 V4+ substitution for Ti4+ in CaMnTi2O6 enhances the spontaneous polarization, Ps, because of the first-

order Jahn-Teller distortion of V4+. On the other hand, the phase transition temperature, TC, decreases, 

seemingly contradicting the Landau theory relation TC ∝ α2, where α is an order parameter.17 Since most 

ferroelectrics are of the displacement type, their Ps values coincide with α. In such cases, an increase in Ps 

leads an increase in TC. In the case of the order-disorder type ferroelectric CaMn(Ti1−xVx)2O6, this relation 

does not apply. Instead, TC is proportional to the number of dipole moments, N. The mixing of the Ca2+ 

and Mn2+ and charge transfer between Mn2+ and V4+ decrease N, leading the decrease in TC. Furthermore, 

the decreasing V4+ results in a smaller displacement of the B-site (x ≥ 0.5). Indeed, similar suppression of 

TC was reported for Ca2−xMnxTi2O6 prepared by spark plasma synthesis at 100 MPa.9 The TC was reperted 

to decrease linearly with decreasing Mn2+ contents due to the introduction of Ca2+ into the Mn2+ sites. It 

was also suggested that the degree of ordering between Ca2+ and Mn2+ increases with increasing the 

synthesis pressure. Similarly, in the case of CaMn(Ti1−xVx)2O6, higher synthesis pressures would 

effectively induce the higher ordering and would result in higher TC. In addition, CaMn(Ti1−xVx)2O6 with 

x ≥ 0.7 might be obtained by preparing at higher pressure. 
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3.3 Summary of This Chapter 

Structural evolution and dielectric and magnetic properties were investigated CaMn(Ti1−xVx)2O6 (x = 0–

0.6) with the order-disorder type ferroelectric mechanism. I found that V4+ substitution with the forst-order 

Jahn-Teller activity enhanced Ps for x ≤ 0.4. Antisite disorder between Ca2+ and Mn2+ as well as the 

intermetallic charge transfer between Mn2+ and V4+ was suggested by magnetic and HAXPES studies. 

Accordingly, Ps for x ≥ 0.5 and TC in all regions decreased. These findings indicate that introduction of 

V4+ is efficient to enhance the PS of order-disorder type ferroelectrics.  
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3.4 Tables and Figures 

 

Table 1. Structural Parameters for CaMn(Ti1−xVx)2O6 (x = 0–0.6) at room temperature. 

 

atoms site g x y z B / Å2 

x = 0a 
Ca1 2a 1 0 0 0 0.41(3) 

Ca2 2b 1 1/2 1/2 0.0456(4) = B(Ca1) 

Mn1 2c 1 0 1/2 0.0699(4) 0.64(4) 

Mn2 2c 1 0 1/2 0.5172(4) 0.90(4) 

Ti1 8f 1 0.2572(2) 0.2459(2) 0.2769(5) 0.26(1) 

O1 4d 1 0.2912(6) 0 0.8217(8) 0.24(3) 

O2 4d 1 0.1869(7) 0 0.2278(8) = B(O1) 

O3 4e 1 0.3011(6) 1/2 0.2911(9) = B(O1) 

O4 4e 1 0.2096(7) 1/2 0.7095(9) = B(O1) 

O5 8f 1 0.1951(5) 0.2844(6) 0.0129(7) = B(O1) 
x = 0.1b 

Ca1 2a 1 0 0 0 0.30(3) 

Ca2 2b 1 1/2 1/2 0.0468(4) = B(Ca1) 

Mn1 2c 1 0 1/2 0.0703(5) 0.35(4) 

Mn2 2c 1 0 1/2 0.5188(5) 0.67(4) 

Ti1 8f 0.9 0.2563(5) 0.2448(5) 0.2768(6) 0.26(1) 

V1 8f 0.1     

O1 4d 1 0.2921(8) 0 0.8245(9) 0.3 

O2 4d 1 0.1919(10) 0 0.2201(9) = B(O1) 

O3 4e 1 0.3103(9) 1/2 0.2926(10) = B(O1) 

O4 4e 1 0.2133(9) 1/2 0.7032(10) = B(O1) 

O5 8f 1 0.2028(22) 0.2961(22) 0.0170(8) = B(O1) 

x = 0.2c 

Ca1 2a 1 0 0 0 0.19(5) 

Ca2 2b 1 1/2 1/2 0.0472(7) = B(Ca1) 
Mn1 2c 1 0 1/2 0.0778(6) 1.00(8) 

Mn2 2c 1 0 1/2 0.5201(8) 0.93(8) 

Ti1 8f 0.8 0.2550(4) 0.2443(4) 0.2904(7) 0.45(2) 

V1 8f 0.2     

O1 4d 1 0.2906(10) 0 08229(13) 0.3 

O2 4d 1 0.2053(13) 0 0.2246(14) = B(O1) 

O3 4e 1 0.3122(10) 1/2 0.2860(15) = B(O1) 

O4 4e 1 0.2208(12) 1/2 0.7148(16) = B(O1) 

O5 8f 1 0.1970(24) 0.3003(24) 0.02730(10) = B(O1) 

x = 0.3d 

Ca1 2a 1 0 0 0 0.51(3) 
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Ca2 2b 1 1/2 1/2 0.0478(5) = B(Ca1) 

Mn1 2c 1 0 1/2 0.0731(4) 0.61(4) 

Mn2 2c 1 0 1/2 0.5195(6) 1.29(6) 

Ti1 8f 0.3 0.2545(2) 0.2459(2) 0.2893(5) 0.26(1) 

V1 8f 0.7     

O1 4d 1 0.2820(7) 0 0.8213(9) 0.19(3) 

O2 4d 1 0.1993(9) 0 0.2219(8) = B(O1) 

O3 4e 1 0.3144(8) 1/2 0.2857(10) = B(O1) 
O4 4e 1 0.2095(8) 1/2 0.7073(10) = B(O1) 

O5 8f 1 0.2103(7) 0.3086(6) 0.0197(7) = B(O1) 

x = 0.4e 

Ca1 2a 1 0 0 0 0.53(4) 

Ca2 2b 1 1/2 1/2 0.0484(5) = B(Ca1) 

Mn1 2c 1 0 1/2 0.0686(5) 0.62(5) 

Mn2 2c 1 0 1/2 0.5178(6) 1.55(7) 

Ti1 8f 0.6 0.2534(2) 0.2459(2) 0.2917(5) 0.27(1) 

V1 8f 0.4     

O1 4d 1 0.2856(8) 0 0.8264(10) 0.15(3) 

O2 4d 1 0.1979(10) 0 0.2104(9) = B(O1) 

O3 4e 1 0.3220(8) 1/2 0.2816(10) = B(O1) 

O4 4e 1 0.2054(9) 1/2 0.7021(10) = B(O1) 

O5 8f 1 0.2085(11) 0.3008(10) 0.0205(7) = B(O1) 

x = 0.5f 
Ca1 2a 1 0 0 0 1.27(5) 

Ca2 2b 1 1/2 1/2 0.0491(7) = B(Ca1) 

Mn1 2c 1 0 1/2 0.0560(8) 0.43(5) 

Mn2 2c 1 0 1/2 0.5228(10) 2.07(9) 

Ti1 8f 0.5 0.2524(4) 0.2453(4) 0.2778(9) 0.65(2) 

V1 8f 0.5     

O1 4d 1 0.2836(11) 0 0.8237(13) 0.35(3) 

O2 4d 1 0.1962(11) 0 0.1980(12) = B(O1) 

O3 4e 1 0.31119(9) 1/2 0.2829(12) = B(O1) 

O4 4e 1 0.2132(12) 1/2 0.6939(15) = B(O1) 

O5 8f 1 0.2139(17) 0.2927(16) 0.0119(10) = B(O1) 

x = 0.6g 

Ca1 2a 1 0 0 0 0.20(8) 

Ca2 2b 1 1/2 1/2 0.0265(8) = B(Ca1) 

Mn1 2c 1 0 1/2 0.04334(8) 3.19(21) 
Mn2 2c 1 0 1/2 0.5114(13) 0.96(13) 

Ti1 8f 0.4 0.2479(4) 0.2446(4) 0.2727(7) 0.41(2) 

V1 8f 0.6     

O1 4d 1 0.2883(20) 0 0.8267(15) 0.3 

O2 4d 1 0.2054(19) 0 0.1927(15) = B(O1) 

O3 4e 1 0.3258(14) 1/2 0.2703(16) = B(O1) 
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O4 4e 1 0.1985(24) 1/2 0.7172(15) = B(O1) 

O5 8f 1 0.2293(19) 0.2897(16) 0.0133(16) = B(O1) 
aa = 7.54607(1) Å, c = 7.59866(1)Å; Rwp = 6.215 % and RB = 5.034 %.  

ba = 7.54017(1) Å, c = 7.58728(2)Å, Rwp = 8.281 % and RB = 6.936 %.  

ca = 7.53576(1) Å, c = 7.58452(4)Å; Rwp = 2.762 % and RB = 5.895 %.  

da = 7.53288(1) Å, c = 7.56382(3)Å; Rwp = 4.572 % and RB = 4.023 %.  

ea = 7.52846(1) Å, c = 7.54713(2)Å; Rwp = 4.726 % and RB = 4.760 %.  

fa = 7.51889(1) Å, c = 7.53160(3)Å; Rwp = 3.214 % and RB = 2.726 %.  

ga = 7.51271(2) Å, c = 7.51513(3)Å; Rwp = 5.243 % and RB = 5.985 %.  

Rwp = [Σwi (yio − yic)2 / Σwiyio
2]1/2, where yio and yic are the observed and calculated intensities, respectively, and wi is the 

weighting factor. RB = Σ|Io(hK) − Ic(hK)| / Σ|Io(hK)|, where Io(hK) and Ic(hK) are the observed and calculated integrated 

intensities for reflection K, respectively. 

 

 

 

 

Figure 1. (a) SXRD patterns for CaMn(Ti1−xVx)2O6 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) at room 

temperature ( = 0.99985 Å for x =0.2 and 0.99932 Å for others). The wavelengths were calibrated using 

a CeO2 standard. (b) Incident laser power dependence of SHG intensity for CaMn(Ti0.4V0.6)2O6, indicat ing 

the polar nature of the structure.  
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Figure 2. Results of Rietveld refinement against SXRD data (λ = 0.77435 Å) of CaMnTi2O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  

 

 

Figure 3. Results of Rietveld refinement against SXRD data (λ = 0.77435Å) of CaMnTi1.8V0.2O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  
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Figure 4. Results of Rietveld refinement against SXRD data (λ = 0.99985Å) of CaMnTi1.6V0.4O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  

 

 

Figure 5. Results of Rietveld refinement against SXRD data (λ = 0.77435 Å) of CaMnTi1.4V0.6O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  
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Figure 6. Results of Rietveld refinement against SXRD data (λ = 0.99932Å) of CaMnTi1.2V0.8O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  

 

 

Figure 7. Results of Rietveld refinement against SXRD data (λ = 0.99932Å) of CaMnTiVO6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  
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Figure 8. Results of Rietveld refinement against SXRD data (λ = 0.99932Å) of CaMnTi0.8V1.2O6 at room 

temperature. The observed (red circles), calculated (solid black lines), and difference (blue bottom line) 

profiles are represented. The green ticks correspond to the positions of the allowed Bragg reflections.  

 

 

 

 

Figure 9. Evolutions of the structural parameters of CaMn(Ti1−xVx)2O6 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 

0.6. (a) Visualization of the crystal structure. (b) The x values dependence of (b) lattice parameters.  
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Figure 10. P-E curves measured on x = 0 and 0.2 samples at room temperature. The measurement 

frequency is 10 Hz. 

 

 

Figure 11. The calculated spontaneous polarization, Ps, as a function of x. The dotted line is a guide to the 

eye.  
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Figure 12. Determination of the Curie temperature, TC of CaMn(Ti1−xVx)2O6 (x = 0 and 0.2) temperature 

dependence of relative permittivity ε’ and loss tangent, tanδ at 1 MHz, and lattice parameters, a and c for 

(a) x = 0 and for (b) x = 0.2. The dotted lines correspond to TC.  

 

 

Figure 13. Temperature dependence of lattice parameters, a and c for CaMn(Ti1−xVx)2O6 with (a) x = 0.4 

and (b) x = 0.6 revealing the phase transitions.  
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Figure 14. (a) Temperature dependence of magnetic susceptibility for CaMn(Ti1−xVx)2O6 (x = 0, 0.2, 0.4, 

and 0.6) measured at H = 100 Oe after zero-field cooling. The inset features a magnified view near the 

antiferromagnetic transition temperature. (b) The x value dependence of the Curie constant, C, and the 

Weiss temperature, θw. 

 

 

Figure 15. Observed HAXPES spectra of (a)Mn 3s and (b) O 1s and V 2p peaks. The inset in (b) shows 

fitting results using one Gaussian peak with backgrounds obtained by the Tougaard method. 
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Figure 16. Temperature dependence of specific heat, Cp for CaMn(Ti1−xVx)2O6 with (a) x = 0 and (b) 0.4. 

The fitting results of the lattice specific heat for (c-1) x = 0 and (d-1) 0.4. The magnetic specific heat 

divided by temperature, Cm T-1 (dot lines) and the magnetic entropy (solid lines) for (c-2) x = 0 and (d-2) 

0.4. 
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Chapter 4. Noncollinear Ferrielectric to Collinear Ferroelectric 

Transition in CuNbO3 

 

*This work has already been published in Chem. Mater. 2020, 32 (12), 5016–5027. Reprinted with 

permission from “Fukuda, M.; Yamada, I.; Murata, H.; Hojo, H.; Hernandez, O. J.; Ritter, C.; Tanaka, K.; 

Fujita, K. Perovskite-Type CuNbO3 Exhibiting Unusual Noncollinear Ferrielectric to Collinear 

Ferroelectric Dipole Order Transition. Chem. Mater. 2020, 32 (12), 5016–5027.” Copyright 2020 

American Chemical Society. 

 

In this chapter, I report a perovskite oxide with a new type of polar structure, CuNbO3, obtained by the 

high-pressure and high-temperature synthesis. My structural analysis reveals that CuNbO3 perovskite 

crystallizes in a polar monoclinic space group (Pc), a subgroup of the polar rhombohedral space group 

R3c. This compound exhibits a “noncollinear ferrielectric” structure with parallel displacements of Cu+ 

and antiparallel displacements of Nb5+ along different axes, representing a new type of polar phase in the 

perovskite structure. I also observe that the noncollinear ferrielectric Pc structure transforms around 470 

K into the collinear ferroelectric R3c structure that features parallel displacements of Cu+ and Nb5+ in the 

same direction. The present work extends the accessible composition range of the perovskite niobate series 

and demonstrates the role of A–O covalency in determining their crystal structure. 

 

4.1 Introduction 

 

Perovskite niobates, ANb5+O3 (A = Li, Na, K, and Ag), are an important group of ferroelectric perovskites, 

exhibiting a wide variety of properties, including piezoelectricity, ferroelectricity, antiferroelectricity, and 

nonlinear optical effects.1–3 Recently, they have also attracted much attention due to their excellent 

photocatalytic and photovoltaic properties as well.4,5 

KNbO3 is a ferroelectric with a tolerance factor, t > 1 (t = 1.06), showing B-site driven ferroelectricity as 

described in 1-1.6,7 In the room-temperature phase of KNbO3, the second-order Jahn-Teller distortion8–1 0  

of Nb5+(4d0) ions develops off-centering displacements along the pseudo-cubic <110>pc axis in an 

orthorhombic polar phase (space group Amm2). LiNbO3 is a compound with t < 1 (t = 0.85), exhibit ing 

A-site driven polarization (see also 1-1).11–13 
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Since the t values of NaNbO3 (t = 0.97) and AgNbO3 (t = 0.97) are slightly less than 1, the coexistence 

of the second-order Jahn-Teller Nb displacements and NbO6 octahedral tilts provides complex crystal 

structures and phase diagrams.14–18 The room-temperature phase of NaNbO3 adopts an orthorhombic 

antiferroelectric structure (space group Pbcm), where the displacements of Nb5+ and Na+ ions are ordered 

in an antiferroelectric way, and the dipole moments are totally canceled within the unit cell.14 Despite the 

similar ionic radii (twelve-coordinated) of Ag+ (1.37 Å) and Na+ (1.39 Å), AgNbO3 crystallizes into a 

slightly different phase from NaNbO3. AgNbO3 forms an orthorhombic ferroelectric structure (space 

group Pmc21).18 The Pmc21 AgNbO3 exhibits the same octahedral tilt system as the Pbcm NaNbO3, but 

their cation displacements are ordered differently. In the case of AgNbO3, both displacements of Ag+ and 

Nb5+ ions are ordered in a ferrielectric way. The respective dipole moments are not completely canceled 

within the unit cell, providing a net polarization and weak ferroelectricity.16,18 Note that the ordered dipole 

moments from the two cation displacements are collinear to the <100>pc axis. Namely, AgNbO3 adopts a 

collinear ferrielectric structure. The formation of ferrielectric structure was ascribed to covalency of Ag–

O bonds as well as that of Nb–O bonds; the covalent character arises from the Ag 4d–O 2p as well as the 

Nb 4d–O 2p orbital overlaps.19 The Ag–O and Nb–O covalencies are also responsible for the visible 

photocatalytic properties of AgNbO3. 

Considering the functionality of perovskite niobates, extending their compositional space to other 

elements is important. In this study, Cu+-including perovskite niobate, CuNbO3, is targeted because of the 

expectation that the covalent A–O and B–O bonding due to Cu 3d–O 2p and Nb 4d–O 2p orbital overlaps 

would result in an unusual electric dipole order as in the case of AgNbO3. However, although ANbO3 (A 

= Li, Na, K, and Ag) can be synthesized under ambient conditions, CuNbO3 is known to crystallize in a 

non-perovskite structure in such conditions; the ambient-pressure phase of CuNbO3 (AP-CuNbO3) adopts 

a RbTaO3-type structure with a nonpolar monoclinic C2/m symmetry.20,21 The RbTaO3-type CuNbO3 

shows a corner- and edge-sharing NbO6 lamellar linkage, in contrast to the perovskite structure with 

corner-sharing NbO6 octahedra 3D network. The perovskite instability in CuNbO3 is partly ascribed to the 

small Cu+ ions on the A-sites, leading to a small t value (t = 0.89). The high-pressure synthesis allows me 

to isolate a polar CuNbO3 (HP-CuNbO3) perovskite, as previously reported. In 1970, Sleight et al. reported 

the synthesis of a monoclinic phase of CuNbO3 at 6.5 GPa and 1273–1473 K, but the crystal structure was 

not solved, even no space group was unambiguously identified.22 

Herein, I present a comprehensive structural characterization of the metastable perovskite phase of Pv-
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CuNbO3 using X-ray, neutron, and electron diffractions, an optical second harmonic generation, and first-

principles lattice dynamics calculations. The results show that Pv-CuNbO3 crystallizes in a monoclinic 

perovskite-type structure (space group Pc), featuring an unusual electric dipole order within a new type 

of polar phase in the perovskite structure. The perovskite-type Pc phase is a weakly polar material due to 

a “noncollinear ferrielectric” dipole order, i.e., a combination of almost parallel small displacements of 

Cu+ ions along [111]pc with respect to the closed-packed oxygen subcell and almost antiparallel large off-

centering displacements of Nb5+ ions along <100>pc. I also observe that, upon heating to 470 K in ambient 

pressure, the weak polar Pc phase transforms into the strong polar R3c phase with parallel displacements 

of Cu+ and Nb5+ ions. My results highlight that the bonding nature of A-site cations, as well as their ionic 

size, has a great impact on the electric dipole order in a small-tolerance-factor perovskite. 

 

4.2 Results 

 

4.2.1 Temperature-Induced Phase Transition 

According to variable temperature SXRD experiments, I found temperature-induced phase transition in 

Pv-CuNbO3 at 470 K. Figure 1 shows SXRD patterns of Pv-CuNbO3 at 300 and 470 K upon heating under 

ambient pressure. At 470 K, the pattern agrees with the reflection conditions for the both of polar (R3c) 

and nonpolar (R3̅c) phases of rhombohedral LiNbO3-type structure (−h + k + l = 3n for hkl, h + l = 3n and 

l = 2n for hh̅l, l = 3n for hhl, and l = 6n for 00l in the hexagonal setting). Below 450 K, a symmetry 

lowering from the rhombohedral structure to a monoclinic structure is observed, accompanied by peak 

splittings (e.g., 012h into 002m and 110m, and 110h into 112m and 020m, where h and m represent hexagonal 

and monoclinic cells) and superlattice reflections (e.g., 012m and 102m). To the best of my knowledge, 

such a lower-symmetry phase of LiNbO3-type has not been reported before.  

First, to deduce the space group of the higher-temperature rhombohedral phase, I examined the 

temperature variation of the lattice parameters at 470–510 K, as done in CaMn(Ti1−xVx)2O6 (see Chapter 

3), and found that the ah increased with increasing temperature, while the temperature rise led to ch 

decrease (Figure 2), where h represents a hexagonal setting. Similar behavior has been observed for R3c 

compounds, like LiNbO3, LiTaO3,23 and LiOsO3,24 where the relaxation of the spontaneous ferroelectr ic 

strains along the polar c axis upon heating leads to a decrease of the ch parameters and an increase of the 

ah parameters; in the absence of spontaneous strains. The space group of the higher-temperature phase 
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was hence determined as the polar R3c. I confirmed that there were only tiny changes in the Cu 

occupancies in the temperature region of the R3c phase [g(Cu) = 0.929(9) at 470 K and 0.932(4) at 510 

K], so Cu defect did not decrease ch. 

I fixed the Nb1 position at (0, 0, 0) in my crystal structure refinements. I refined the cation site 

occupancies to confirm the deviations from the stoichiometry and detected a small Cu defect 

(g(Cu)=0.929(9)). This nonstoichiometric composition model (Cu0.93NbO3) led to better overall fits than 

the stoichiometric composition model (Rwp = 7.91% and RB = 7.11% for Cu0.93NbO3, and Rwp = 7.92% 

and RB = 11.4% for CuNbO3). The Cu deficiency is related to the onset of the decomposition of the R3c 

phase driven by the release of A-site Cu, as mentioned later and is described in detail in the next chapter.  

The Rietveld plot of the R3c CuNbO3 at 470 K is shown in Figure 3(a). The refined structure is displayed 

in Figure 3(b), and the refined structural parameters are given in Table 1. The calculated spontaneous 

polarization along for R3c Cu0.93NbO3 is 15 μC cm−2, assuming the point charge model. Note that as 

explained later, in the lower-temperature phase, stoichiometric composition model was confirmed to be 

appropriate by various experiments. The temperature-induced phase transition almost concurs with the 

decomposition reaction of the R3c phase, forming Cu2O and CuNb2O6, according to the temperature-

variable SXRD experiments. The former compound, Cu2O, is formed by releasing A-site Cu in the R3c 

phase and its subsequent oxidation by atmospheric oxygen. The latter compound, CuNb2O6, is described 

in the next chapter.  

 

4.2.2 Crystal structure of Lower-Temperature Phase 

 Next, I analyze the crystal structure of the lower-temperature phase. ED was performed to deduce the 

crystal symmetry of Pv-CuNbO3. Figure 4 shows the ED patterns at room temperature along the [001], 

[010], and [100] zone axes. All reflections can be indexed with a monoclinic cell with a ≈ 5.5 Å (≈ √2apc), 

b ≈ 5.2 Å (≈ √2apc), c ≈ 7.7 Å (≈ 2apc), and β ≈ 95°, where pc means the pseudo-cubic unit cell. 120 

reflection at [001] and 012 reflection at [100] (see red circles in Figure 1) were observed, indicating a 

primitive monoclinic unit cell. The absence of 00l reflections with l = odd in the [010] pattern means the 

presence of the c-glide symmetry. Such a forbidden 001 reflection is observed along [100] due to mult ip le 

scattering effects. Given the 0k0 reflections with k = odd in the [001] and [100] zone axes, one will expect 

the absence of the 21 screw axis. However, when the multiple scattering effects are significant, the 010 

reflections are observed even in the presence of the 21 screw axis. Namely, the presence or absence of the 
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21 screw axis cannot be determined by the ED analysis alone. Thus, ED results led to three possible space 

groups, Pc, P2/c, and P21/c.  

SXRD patterns at 300–450 K can be indexed with the monoclinic unit cell with a = √2apc, b = √2apc, 

c = 2apc, and β ≈ 95°, in good agreement with the ED analysis. The pseudo-cubic lattice volumes, Vpc, of 

the lower-temperature monoclinic phase together with the higher temperature R3c phases are plotted in 

Figure 5 against temperature. A continuous change in Vpc across the phase transition is found, indicat ive 

of a second-order phase transition. There are two space groups of monoclinic crystals, Pc and Cc, in 

subgroups of R3c, exhibiting a second-order phase transition. Based on the ED results and this group 

theory analysis, the space group of the low-symmetry phase is found to be Pc. The structural relationship 

between the Pc and R3c phases is a maximal non-isomorphic group/subgroup with the following 

transformation matrix: 

(

𝑎m

𝑏m

𝑐m

)= (
-1/3 -2/3 1/3

-1 0 0

-2/3 -4/3 -1/3

) (

𝑎h

𝑏h

𝑐h

), 

where am, bm, and cm are the lattice parameters of the monoclinic unit cell, and ah, bh, and ch are the lattice 

parameters in the hexagonal setting of the rhombohedral R3c unit cell. To the best of my knowledge, 

simple ABO3 perovskites crystallizing in Pc with am ≈ √2apc, bm ≈ √2apc, and cm ≈ 2apc unit cell have 

not been discovered yet. 

Next, I performed the crystal structure refinements using SXRD and NPD data at 300 K. The reflection 

conditions in the SXRD and NPD data agree with Pc. Rietveld refinements were performed against NPD 

and SXRD patterns of Pv-CuNbO3 at 300 K by assuming as an initial model a Pc unit cell with a √2apc 

 √2apc  2apc unit cell. The initial structural model was derived from the group-subgroup relationsh ip 

with an R3c (LiNbO3-type) model using the program ISODISTORT of the ISOTROPY Software Suite,25  

and was confirmed by structure solution against the SXRD data by direct methods with EXPO2013.26 I 

fixed the Nb1 position at (0, 0, 0). Figure 6a and b display the refinement results for SXRD and NPD data, 

respectively. In the SXRD data, the presences of heavy Nb and Cu atoms lead to a meager contribution of 

oxygen atoms. The Biso values of oxygen atoms were accordingly fixed to the Biso value of Nb2. The 

stoichiometric composition models provided good overall fits to the observed patterns for both SXRD 

(weighted profile R factor Rwp = 11.60 % and Bragg R factor RB = 6.62 %) and NPD data (Rwp = 10.34 % 

and RB = 3.66 %). The cation site occupancies were refined to check the deviations in the stoichiometry, 
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but the refined occupancies remained within 1 or 2 % of the expected full site values. This result agrees 

with complementary ICP-OES analysis in which the cationic ratio is almost stoichiometric (Cu/Nb = 1.05) 

within standard uncertainties. I also examined the possibility of cation mixing in the A-site. According to 

the previous structural analyses on LiNbO3, the cation distribution was estimated to be 

(Li1−5xNbx☐4x)NbO3, where ☐ represents a vacancy.27,28 In the course of my refinements against SXRD 

and NPD data, the introduction of a small amount of Nb (a few percent) at the Cu1 or Cu2 sites did not 

improve the fitting quality. The refined structural parameters from SXRD and NPD data are listed in Table 

2 and Table 3, respectively. The selected bond lengths and bond angles are tabulated in Table 4.  

The calculated density of Pv-CuNbO3 [6.12 g cm–3 (SXRD) and 6.14 g cm–3 (NPD)] is significantly 

larger than that of RbTaO3-type CuNbO3 (5.02 g cm–3),27 consistent with the expectation that the high-

pressure synthesis provides a higher-density phase. Bond-valence-sum calculations29 using the NPD-

refined bond lengths give +0.93(3), +0.99(2), +4.85(7), and +4.84(8)) for Cu1, Cu2, Nb1, and Nb2, 

respectively, confirming the Cu+Nb5+O3 ionic model. This result conforms to XANES and temperature-

dependent magnetic susceptibility experiments, which will be separately described below. Figure 7a 

depicts the crystal structures of Pv-CuNbO3 refined against the NPD data at 300 K. The monoclinic 

distortion of Pv-CuNbO3 highlights the tilting distortion of NbO6 octahedra and the off-center 

displacements of Nb5+ ions. The octahedral tilt system is a−a−c−. Glazer has shown that applying this tilt 

system to an aristotype cubic Pm 3̅ m perovskite without the cation displacement results in a 

centrosymmetric monoclinic C2/c structure.30 In Pv-CuNbO3 perovskite, the symmetry is further lowered 

to the space group Pc by the two inequivalent off-center displacements of Nb5+ ions (see arrows in Figure 

7b). 

In ABO3 perovskite oxides, the decrease in the A-site ionic radius, i.e., the reduction in the tolerance 

factor t, results in enhanced octahedral tilting, leading to the decrease of the B−O−B bond angle. As 

expected from the small t value (t = 0.89), the Pc phase of Pv-CuNbO3 possesses a considerable magnitude 

of NbO6 octahedral tilts, with the Nb–O–Nb angles deviating significantly from the ideal value of 180° 

by up to ∼36° (see Table 4). The Nb–O–Nb bond angles of Pv-CuNbO3 (144–148°) are smaller than those 

of NaNbO3 (157–162°),31 but are larger than that of LiNbO3 (140°).11 Namely, the average Nb–O–Nb 

bond angle decreases in the order NaNbO3 (t = 0.97) > CuNbO3 (t = 0.89) > LiNbO3 (t = 0.85), 

demonstrating the A-site-cation-size-dependent octahedral tilting. In Pc CuNbO3, the coordination 

environments of the two independent Nb sites, Nb1 and Nb2, are strongly asymmetric due to their off-
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center displacements along [001] (=<100>pc) within the octahedra (see Figure 7b). The NbO6 octahedral 

distortion Δ of Pv-CuNbO3 was calculated from the NPD-refined bond lengths; Δ = 1/6Σi[(di−⟨d⟩)/⟨d⟩]2, 

where di is the individual Nb–O bond length and ⟨d⟩ is the average Nb–O bond length (see Table 4). I 

obtained Δ(Nb1O6) = 1.5(2)  10−3 and Δ(Nb2O6) = 2.9(1)  10−3.The magnitude of these octahedral 

distortions is comparable to that for other perovskite niobates, ANbO3 with second-order Jahn–Teller 

active Nb5+(4d0) ions (e.g., 3.11(1)  10−3 for LiNbO3
11 and 4.0(3)  10−3 for KNbO3

30). The large 

octahedral distortions for Pv-CuNbO3 are thus ascribed to the second-order Jahn–Teller effects. 

Asymmetric environments are also observed for the Cu coordination in Pc CuNbO3: Cu atoms are 

displaced approximately along [203̅] (=[111]pc) with respect to the oxygen-triangle planes, occupying two 

independent Cu sites, Cu1 and Cu2 (see Figure 7b). Each of Cu1 and Cu2 atoms forms three shorter and 

nine longer bonds with the oxygen atoms (see also Table 4), although the A-site cations in aristotype 

perovskites are surrounded by 12 equidistant anions. The distances of the longer Cu–O bonds (2.64(3)–

3.26(2) Å for Cu1 and 2.76(2)–3.20(2) Å for Cu2) are much larger than those of the shorter Cu–O bonds 

(2.01(3), 2.04(3), 2.08(1) Å for Cu1 and 2.00(1), 2.03(2), 2.03(2) Å for Cu2), and so the effective 

coordination number of Cu atoms is three. The coordination environments of Cu1O3 and Cu2O3 differ in 

terms of polyhedral distortions and average bond lengths. The displacement from the centers of oxygen 

triangles is about nine times larger for Cu1 than for Cu2 (see Figure 7b and Figure 11). 

Interestingly, I notice that the perovskite-type Pv-CuNbO3 has the same crystal symmetry and unit-cell 

metrics as the lowest-temperature monoclinic phase of WO3, ε-WO3.32 Namely, both of them crystallize 

in Pc symmetry with am ≈ √2apc, bm ≈ √2apc, and cm ≈ 2apc. Note that the structure of WO3 can be 

regarded as an ABO3 perovskite-type structure with empty A-sites. In the Pc structure of Pv-CuNbO3, the 

B1 and B2 atoms (B = Nb in Pv-CuNbO3 or W in ε-WO3) undergo almost antiparallel off-center 

displacements along [001] (=<100>pc) within the octahedra. For ε-WO3, the antiparallel displacements of 

W1 and W2 atoms with different amplitudes produce “collinear ferrielectricity”. For Pv-CuNbO3, the 

antiparallel displacements of Nb1 and Nb2 with different magnitudes are accompanied by the parallel 

displacements of Cu1 and Cu2 atoms approximately along [203̅] (=[111]pc). Consequently, a noncollinear 

ferrrielectric structure appears in the Pc phase of Pv-CuNbO3. The spontaneous polarization calculated 

from the NPD-refined crystal structure using the formal charges of Cu+ and Nb5+ is 9.7 μC cm-2, which is 

smaller than that of the higher-symmetry R3c CuNbO3 at 470 K. The counterintuitive result is because 

that the almost antiparallel off-center displacements of Nb5+ ions in Pc CuNbO3 cancel each other’s 
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polarization, suppressing the net polarization. Such antiparallel displacements of Nb5+ along [001] would 

decrease with increasing temperature, leading to the fact that cm decreases with increasing temperature 

(Figure 8). It is worth underlining that ferrielectricity is observed in AgNbO3, but it stems from collinear 

electric dipole order. On the other hand, Pv-CuNbO3 is a rare example of a ferrielectric material with 

noncollinear electric dipole order, representing a new type of polar phase in the perovskite structure. 

 

4.2.3 Valence State 

Figure 8a, b displays the experimental and calculated XANES spectra at the Cu K-edge, respectively. The 

experimental Cu absorption edge position of Pv-CuNbO3 is close to that of Cu2O, but different from that 

of CuO. The contrasting coordination environment between Pv-CuNbO3 (triangular-coordination) and 

Cu2O (linear coordination), however, makes it difficult to clearly estimate the Cu valency in Pv-CuNbO3. 

So, XANES calculations were performed for Pv-CuNbO3 as well as for a reference compound, Cu2O 

(Figure 5b). The experimental spectra for Pv-CuNbO3 and Cu2O match qualitatively with the calculated 

spectra based on Cu+Nb5+O3 and Cu+
2O models, respectively, revealing that the Cu cations are present as 

Cu+ in both compounds. On the other hand, the Nb valency in Pv-CuNbO3 (octahedral coordination) can 

be easily estimated to be +5 from the similarity of its experimental spectrum to that of Nb2O5 (octahedral 

coordination) (Figure 6). Thus, my XANES analyses unambiguously evidence that the valence states in 

CuNbO3 are +1 for Cu and +5 for Nb. 

Figure 9 gives the temperature dependence of magnetic susceptibility, χ(T), of Pv-CuNbO3 measured at 

100 Oe on heating after zero-field cooling. The fitting was done by the Curie−Weiss law described by the 

following equation: 

𝜒(𝑇) = 𝜒0 +
𝐶

(𝑇 − 𝜃w)
 , 

where χ0 is a temperature-independent term, C the Curie constant, and θw the Weiss temperature. The 

fitting results are χ0 = −2.6(1) × 10−4 emu Oe−1 mol−1, θw = −1.8(2) K, and C = 1.13(5) × 10−2 emu K Oe−1 

mol−1. The calculated Curie constant is significantly smaller than that for Cu2+ (0.375 emu K Oe−1 mol−1). 

The paramagnetic behavior is thus attributed to a small amount of magnetic impurities. In addition, χ(T) 

is negative above 50 K, with the absolute values being larger than those of the container used for the 

measurement. These facts mean that Pv-CuNbO3 is diamagnetic owing to the presence of closed-shell 

cations, Cu+(d10) and Nb5+(d0). 
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4.3 Discussion 

 

As described above, I found two new polar polymorphs of CuNbO3. One is the monoclinic Pc perovskite-

type phase (Pv-CuNbO3) stabilized via the high-pressure and high-temperature synthesis, and the other is 

the rhombohedral R3c perovskite-type (or LiNbO3-type) phase observed as the higher-temperature phase 

of the Pc phase. The former is the first example of a simple ABO3 perovskite crystallizing in monoclinic 

Pc symmetry with a ≈ √2apc, b ≈ √2apc, and c ≈ 2apc unit cell. It also represents a rare example of a 

“noncollinear ferrielectric” dipole order. Here, it should be noted that, in contrast to the Pc phases, the 

higher-symmetry R3c phases have been often observed in ABO3 compounds by the use of high-

temperature and high-pressure conditions; examples include CuTaO3,31–33 AFeO3 (A = Sc, Ga, and In),33–

35 ATiO3 (A = Mg, Mn, Fe, Zn, and Hg),36–42 LiBO3 (B = Sb, W, and Os)24,43,44, and so forth. To examine 

the stable structure of Pv-CuNbO3, phonon calculations were performed using the parent R3c phase. The 

crystal structure was optimized in the R3c symmetry. Phonon dispersion curves for the R3c structure are 

depicted in Figure 12. One can see an imaginary mode at the F point. Within the framework of a second-

order phase transition, freezing the F-point soft mode yields a monoclinic polar Pc structure with a ≈ 

√2apc, b ≈ √2apc, c ≈ 2apc, and β ≈ 95°, ascribed to the antiparallel off-center displacements of Nb5+ and 

the a−a−c−-type tilts of NbO6 octahedra. The calculations demonstrate that the Pc structure has lower 

energy than the R3c structure and is dynamically stable, consistent with the experimental observation that 

the low-temperature and high-temperature phases of Pv-CuNbO3 crystallize in the space groups Pc and 

R3c, respectively. 

It is worth emphasizing that Pv-CuNbO3 (Pc) has a lower-symmetry structure than LiNbO3 (R3c), despite 

the very close t values between CuNbO3 (t = 0.89) and LiNbO3 (t = 0.85). Comparing the crystal structure 

of CuNbO3 and LiNbO3 (see Figure 13) reveals that A-site cations (Cu+ in CuNbO3 and Li+ in LiNbO3) 

are displaced from the closed-packed oxygen planes along [111]pc, but the Li displacements are much 

larger than the Cu displacements. While the large Li displacements in R3c LiNbO3 lead to the formation 

of LiO6 octahedra (see Figure 11b), the relatively small Cu displacements in Pv-CuNbO3 confine the Cu–

O bonds to three oxide ions forming triangles (see Figure 11a), i.e., Cu+ ions are virtually three-coordinated 

in Pv-CuNbO3. This may be explained by the difference in the bonding character between Li–O (ionic) 

and Cu–O (covalent). 
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To evaluate the comparatively of the bonding character for Pv-CuNbO3 and LiNbO3, their electronic 

structures were also calculated. In the calculations, the same R3c structure used in the phonon calculat ions 

was utilized. Figure 14a and b depict the calculated total and partial density of states (DOS) for R3c 

CuNbO3 and LiNbO3, respectively. For CuNbO3, the valence band mainly consists of Cu 3d and O 2p 

states, and the conduction band is composed of the Nb 4d state. The Cu 3d state contributes to the 

formation of the top of the valence band through the orbital overlap with the O 2p state (see Figure 14a). 

This is in striking contrast to LiNbO3, where the valence band is composed of the O 2p state, without any 

significant participation of Li orbitals (see Figure 14b). Thus, the covalent bond character of A-site cations 

is obvious for CuNbO3. Ehe Nb 4d states of CuNbO3 and LiNbO3, completely empty in the ionic limits, 

are slightly occupied through orbital overlap with the O 2p states, forming the bottom of the valence band. 

This is indicative of the Nb–O covalency that drives the second-order Jahn–Teller effect. I believe that the 

covalent character of Cu–O bond can induce a polar structure in other compounds without 6s2 or second-

order Jahn-Teller active cations as observed in Pv-CuNbO3.  

 

4.4 Summary of This Chapter 

 

A novel perovskite niobate, CuNbO3, is found to form a monoclinic Pc structure as a ground state, 

representing a rare example of a “noncollinear ferrielectric” dipole order. The Pc phase transforms to a 

“collinear ferroelectric” R3c structure upon heating at 470 K. The noncollinear ferrielectric (Pc)–collinear 

ferroelectric (R3c) transition is of displacive origin, and the condensed soft mode responsible for the phase 

transition is observed at the F point of the rhombohedral Brillouin zone, which corresponds to the 

structural distortion mainly due to the antiparallel off-center Nb displacements and the a−a−c− NbO6 

octahedral tilting. The original distortion within the monoclinic Pc perovskite phase, in particular with 

respect to LiNbO3, is explained on the basis of bonding character, as highlighted by the electronic structure 

calculations.  
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4.5 Tables and Figures 

 

Table 1. Structural Parameters of Pv-CuNbO3 at 470 K Obtained from Refinements against the SXRD 

Data 

atom site g x y z Ueq/iso / Å2 

Cu1 6a 0.929(9) 0 0 0.255(3) 0.035(3) 

Nb1 6a 1 0 0 0 0.0166(7) 

O1 18b 1 0.078(3) 0.352(5) 0.078(2) 0.01665(1) 

Space group: R3c (No. 161), Z = 6. Cu0.93NbO3 (fw = 199.9 g mol−1): λ = 0.77565 Å, lattice parameters: 

a = 5.2433(2) Å, c = 14.0006(4) Å, and V = 333.34(2) Å3, Rwp = 7.91 %, RB = 7.11 %. Cu1 and Nb1 were 

refined anisotropically. 

 

Table 2. Structural Parameters of Pv-CuNbO3 at 300 K Obtained from Refinements against the SXRD 

Data 

atom site g x y z Uiso / Å2 

Cu1 2a 1 0.5269(4) 0.9961(19) 0.2100(3) 0.0153(7) 

Cu2 2a 1 0.9986(4) 0.4953(17) 0.7206(3) 0.0082(6) 

Nb1 2a 1 0 0 0 0.0100(5) 

Nb2 2a 1 0.4910(3) 0.5074(6) 0.4513(2) 0.0020(3) 

O1 2a 1 0.183(3) 0.687(3) 0.428(2) 0.0020(3) 

O2 2a 1 0.691(3) 0.193(3) 0.928(2) =Uiso(O1) 

O3 2a 1 0.289(3) 0.204(3) 0.537(2) =Uiso(O1) 

O4 2a 1 0.791(3) 0.707(3) 0.028(2) =Uiso(O1) 

O5 2a 1 0.962(2) 0.103(3) 0.227(1) =Uiso(O1) 

O6 2a 1 0.475(2) 0.612(2) 0.716(1) =Uiso(O1) 

Space group: Pc (No. 7), Z = 4. CuNbO3 (fw = 204.45 g mol−1): λ = 0.75003 Å, lattice parameters: a = 

5.54535(4) Å, b = 5.21029(3) Å, c = 7.67491(6)Å, β = 94.6924(6)°, and V = 221.007(3) Å3, Rwp = 11.60 % 

and RB = 6.62 %.  
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Table 3. Structural Parameters of Pv-CuNbO3 at 300 K Obtained from Refinements against the NPD Data 

atom site g x y z Ueq/iso/Å2 

Cu1 2a 1 0.514(4) 0.988(2) 0.226(2) 0.065(5) 

Cu2 2a 1 0.989(2) 0.498(2) 0.735(2) 0.011(1) 

Nb1 2a 1 0 0 0 0.094(13) 

Nb2 2a 1 0.4830(14) 0.5122(14) 0.4610(8) 0.015(2) 

O1 2a 1 0.184(2) 0.686(2) 0.433(2) 0.007(1) 

O2 2a 1 0.686(3) 0.185(2) 0.935(2) 0.014(2) 

O3 2a 1 0.290(3) 0.205(2) 0.546(2) 0.005(2) 

O4 2a 1 0.795(3) 0.701(2) 0.043(2) 0.002(2) 

O5 2a 1 0.993(3) 0.119(2) 0.233(2) 0.007(1) 

O6 2a 1 0.491(3) 0.613(2) 0.733(2) 0.008(2) 

Space group: Pc (No. 7), Z = 4. CuNbO3 (fw = 204.45 g mol−1): λ = 1.594 Å, lattice parameters: a = 

5.548088(10) Å, b = 5.208766(9) Å, c = 7.695716(15) Å, β = 94.67983(10)° , and V = 221.6547(7) Å3, 

Rwp = 10.34 % and RB = 3.66 %. Cu1 was refined anisotropically. 

 

Table 4. Selected Bond Lengths (Å) and Bond Angles (deg) of Pv-CuNbO3 at 300 K. 

Cu−O Nb−O 

Shorter bonds  

Cu1 −O2 2.01(2) Cu2 −O1 2.03(2) Nb1 −O1 2.02(1) Nb2 −O1 1.89(1) 

 −O3 2.04(3)  −O4 2.03(2)  −O2 2.02(2)  −O2 1.96(2) 

 −O6 2.08(1)  −O5 2.00(1)  −O3 1.94(2)  −O3 2.06(2) 

Longer bonds  −O4 1.98(1)  −O4 2.11(2) 

Cu1 −O1 2.97(3) Cu2 −O1 2.82(2)  −O5 1.90(2)  −O6 1.87(2) 

 −O1 3.26(2)  −O2 2.87(2)  −O5 2.14(2)  −O6 2.15(2) 

 −O2 2.70(3)  −O2 3.12(2)  

 −O3 3.06(3)  −O3 2.76(2) Nb1−O5−Nb1 144.1(6) 

 −O4 2.64(3)  −O3 2.82(2) Nb1−O1−Nb2 144.8(6) 

 −O4 3.22(3)  −O4 2.88(2) Nb1−O2−Nb2 148.4(6) 

 −O5 2.74(3)  −O5 3.21(1) Nb1−O3−Nb2 144.5(7) 

 −O5 2.97(3)  −O6 2.83(2) Nb1−O4−Nb2 146.6(7) 

 −O6 3.14(1)  −O6 2.85(2) Nb2−O6−Nb2 145.4(8) 
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Figure 1. Comparison between SXRD patterns (λ = 0.77565 Å) at 300 K (monoclinic) and at 470 K 

(rhombohedral). The subscript h and m represent the rhombohedral unit cell in a hexagonal setting and the 

monoclinic unit cell, respectively.  

 

 

Figure 2. Temperature variation of the lattice parameters of the higher-temperature phase of Pv-CuNbO3, 

(a) ah, and (b) ch, in the hexagonal setting (470 K ≤ T ≤ 510 K).   
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Figure 3. (a) Rietveld refinements against SXRD patterns (λ = 0.77565 Å) of Pv-CuNbO3 at 470 K. The 

refinement was performed based on the rhombohedral R3c perovskite-type structure model with A-site 

deficiency (i.e., LiNbO3-type Cu0.93NbO3), showing the observed (red circles) and calculated (solid black 

lines) profiles. The solid blue lines represent the difference between the observed and calculated profiles. 

The green ticks correspond to the positions of the allowed Bragg reflections. Peaks of Cu2O and CuNb2O6 

were excluded in the refinement. (b)The refined crystal structure of R3c (LiNbO3-type) Cu0.94NbO3 at 470 

K. The arrows indicate the cation displacements from the closed-packed oxygen planes and those from 

the centroids of NbO6 octahedra.  
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Figure 4. ED patterns of Pv-CuNbO3 at room temperature taken along [001], [010], and [100] zone axes. 

Representative indices are shown just above the corresponding reflection spots. The reflections marked in 

red are indicative of a primitive cell.  
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Figure 5. Temperature variation of the pseudo-cubic lattice volumes, Vpc for lower-temperature (black 

circle) and higher-temperature (red circle) Pv-CuNbO3.  

 

 

Figure 6. Rietveld refinements against (a) SXRD (λ = 0.75003 Å) and (b) NPD (λ = 1.594 Å) patterns of 

Pv-CuNbO3 at 300 K. These refinements were performed on the basis of the monoclinic Pc perovskite-

type structure model with a √2 apc  √2 apc  2apc unit cell, showing the observed (red circles) and 

calculated (solid black lines) profiles. The solid blue lines represent the difference between the observed 

and calculated profiles. The green ticks correspond to the positions of the allowed Bragg reflections.  
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Figure 7. The refined crystal structures of Pv-CuNbO3 from the NPD data at 300 K. The structural views 

in (a) bc and (b) ac planes are shown. The arrows in (b) indicate the cation displacements from the closed-

packed oxygen planes and those from the centroids of NbO6 octahedra.  

 

 

Figure 8. Temperature variation of the lattice parameters of lower-temperature (Pc) phase of Pv-CuNbO3, 

(a) a, (b) b, (c) c, and (d) β (300 K ≤ T ≤ 450 K).   
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Figure 9. (a) The experimental Cu K-edge XANES spectrum of Pv-CuNbO3 (blue) in comparison with 

those of Cu2O (black) and CuO (red). (b) The calculated Cu K-edge XANES spectra of Pv-CuNbO3 (blue) 

and Cu2O (black). 

 

 

Figure 10. The experimental Nb K-edge XANES spectrum of Pv-CuNbO3 (green) in comparison with 

those of Nb foil (black), NbO2 (red), and Nb2O5 (blue).  
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Figure 11. Temperature dependence of magnetic susceptibility, χ = M/H, of Pv-CuNbO3 measured at H = 

100 Oe after zero-field cooling. The dots represent the observed data, while the solid red line is the fitted 

curve according to the Curie−Weiss law. 

 

 

Figure 12. Phonon dispersion curves of Pv-CuNbO3 calculated with the R3c symmetry.  
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Figure 13. Short distance coordination around (a) Cu in Pv-CuNbO3 (this work) and (b) Li in LiNbO3 

(from Ref. 21). The light green, blue, and red spheres correspond to Li, Cu, and O atoms, respectively.  

 

 

Figure 14. The calculated projected total and partial density of states (DOS) of R3c (a) CuNbO3 and (b) 

LiNbO3. The zero of energy is set to the top of the valence band. The inset of (b) shows an enlarged view 

of the partial DOS of Li 4s and Li 4p states.  
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Chapter 5. Topochemical Synthesis of CuNb2O6 with Colossal Dielectric 

Constant 

 

*This work has already been published in J. Mater. Chem. C 2021, 9 (39), 13981–13990. Reprinted with 

permission from “Fukuda, M.; Yamada, I.; Hojo, H.; Takahashi, C.; Yoshida, Y.; Tanaka, K.; Azuma, M.; 

Fujita, K. Topochemical Synthesis of Perovskite-Type CuNb2O6 with Colossal Dielectric Constant. J. 

Mater. Chem. C 2021, 9 (39), 13981–13990.” Copyright 2021 the Royal Society of Chemistry. 

 

In this chapter, I report a novel A-site deficient quadruple perovskite (Pv) oxide, CuNb2O6 , 

obtained by a combination of high-pressure synthesis and topochemical structural transformation. 

Post-annealing of high-pressure-synthesized Pv-CuNbO3 above 470 K at ambient pressure leads 

to the formation of Pv-CuNb2O6 due to the topochemical deinsertion of half of the copper ions, 

which is accompanied by changes in the valence state and coordination environment of the 

remaining copper ions from triangular coordinated Cu+ into square-planar coordinated Cu2+. A 

combined structural analysis shows that Pv-CuNb2O6 crystallizes into a non-centrosymmetr ic 

cubic structure. Magnetic characterization reveals an antiferromagnetic order below 12 K. I find 

that this compound exhibits a colossal dielectric constant up to the order of 104. The topochemica l 

cation deinsertion is also found in another high-pressure-synthesized Pv-CuTaO3, which produces 

cubic Pm3̅ Pv-CuTa2O6.  

 

5.1 Introduction 

 

Topochemical reactions in perovskites and related compounds have attracted much attent ion 

because they provide a series of new compounds not obtainable by conventional solid-s ta te 

reactions.1,2 During the topochemical reactions, products retain the structural topology of starting 

materials. Topochemical methods are powerful pathways for searching materials with exotic 

physical properties, like piezoelectricity3,4 and ionic conductivity.5,6 There have been severa l 

reports on "hard-soft" chemistry, where the “soft” topochemical modification is combined with 

“hard” high-pressure synthesis techniques. For example, topochemical reactions such as reduction 
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or anion exchange are performed “softly” for the dense perovskite-type ACrO3 (A = Ca and Sr) 

whose instabilities are locked “hardly” under high-pressure conditions.7–10 This approach can 

topochemically expand the possibility of stabilizing new compounds. 

In this section, I report a new type of “hard-soft” route involving cation deinsertion with high-

pressure synthesis. I observed that Pv-CuNbO3 is stabilized under high-pressure and high-

temperature conditions and exhibits a monoclinic-rhombohedral phase transition upon heating to 

470 K at ambient pressure (see Chapter 4). Almost simultaneously with the phase transition, the 

rhombohedral phase decomposes into Pv-CuNb2O6 and Cu2O. In the transformation of Pv-

CuNbO3 to Pv-CuNb2O6 , half of the copper ions are removed, and the valence state and 

coordination environment of the remaining half of the copper ions change from triangu lar 

coordinated Cu+ into square-planar coordinated Cu2+. Note that NbO6 corner-sharing networks are 

retained during this structural modification (Figure. 1). The formation process of Pv-CuNb2 O6  

thus represents a rare example of the topochemical cation deinsertion. 

While Pv-CuTa2O6 can be synthesized by the conventional solid-state reactions, Pv-CuNb2O6  

had not been reported.11,12 Instead, orthorhombic and monoclinic columbite- type CuNb2O6 has 

been obtained by conventional solid-state reactions.11,13,14 LiNbO3-type Li1−xCuxNbO3 has been 

synthesized by lithium insertion into columbite- type CuNb2O6.15 However, this reaction is not the 

topochemical reaction defined here because the NbO6 connectivity changed during the reaction; 

The NbO6 octahedra in the columbite-type structure form chains connected by edge-shar ing, 

unlike a corner-sharing network in perovskite- type structures. 

It is known that many quadruple perovskite-type oxides like Pv-CuTa2O6 display interes t ing 

dielectric properties. Since the giant dielectric constant (ε’ ≈ 105) was reported for a quadrup le 

perovskite- type oxide, CaCu3Ti4O12, in 2000,16 the dielectric properties of this and the related 

derivatives have been intensively studied.17–22 The significant tilt distortion of the BO6 octahed ra 

in CaCu3Ti4O12 yields a complex A-cation ordering of 12-coordinated A- (Ca-) sites and plana r-

coordinated A'- (Cu-) sites. Because of the ordered arrangement of the two distinct A- and A’-sites 

in the ratio of 1:3, CaCu3Ti4O12 is classified as a “quadruple” perovskite. A-site defic ient 

quadruple perovskite- type compounds, Pv-CuTa2O6 and Pv-LiCuNb3O9, show crystal structures 

similar to AA’3B4O12, but the A- (Ca-) sites are fully vacant in both the cases, and the A'-sites are 

nominally two-thirds occupied by Cu2+ ions in Pv-CuTa2O6
23,24 and eight-ninth by Li+ and Cu2 + 



60 

 

ions in Pv-LiCuNb3O9.25 They exhibit as large dielectric constant (ε’ ≈ 105) as CaCu3Ti4O12.26–32  

Pv-CuTa2O6 is also known to exhibit compositional flexibility on Cu stoichiometry. The copper 

ions are present as the mixed-valence state of Cu+ and Cu2+ ions, and the formal composition can 

be described as Cu1+xTa2O6. Similarly, Pv-LiCuNb3O9 has been reported to contain Cu+ and Cu2 + 

ions in an approximately 1:9 ratio.29 Such mixed-valence states are suggested to be one of the 

reasons for the giant dielectric constant of Pv-CuTa2O6 and Pv-LiCuNb3O9. Further, depend ing 

on the cooling rate from the sintering temperatures (1293 K), either orthorhombic or cubic phase 

is observed in Cu1+xTa2O6 (x < 0.2).33 The slow-cooled Pv-CuTa2O6 is orthorhombic with an 

ordered arrangement of Cu-rich and Cu-poor layers along the c-axis (Figure 2(a)). The rapid-

cooled one is cubic without such a layered ordering (Figure 2(b)). On the other hand, Pv-

LiCuNb3O9 crystallizes into only a cubic I23 structure (Figure 2(c)).25 

Herein, I have revisited the topochemical reaction of Pv-CuNbO3 and succeeded in isolating the 

novel A-site deficient quadruple perovskite, Pv-CuNb2O6. I present the detailed crystal structu re 

of Pv-CuNb2O6. I also demonstrate that this compound behaves as an antiferromagnet with TN = 

12 K and exhibits a colossal dielectric constant at room temperature. Thus, my work will provide 

a new approach to developing functional materials. 

 

5.2 Results and Discussion 

 

5.2.1 Crystallography 

Figure 3 shows laboratory XRD patterns of the as-synthesized CuNbO3 sample synthesized at 12 

GPa and 1273 K and that post-annealed at 773 K and ambient pressure. One can see that the high -

pressure-synthesized Pv-CuNbO3 decomposed into Pv-CuNb2O6 and CuO upon heating. The 

difference in the copper oxide products in the Chapter 4 (Cu2O) and this chapter (CuO) is due to 

the oxygen contents in the closed capillary and in an open system. The deposition of smaller CuO 

grains onto larger Pv-CuNb2O6 grains was observed through HAADF images and EDX results 

(Figure 4). 

To get more detailed information on Pv-CuNb2O6, I removed CuO from the mixture of Pv-

CuNb2O6 and CuO using HCl solution and successfully obtained the single-phase brown-colo red 

sample. Figure. 5 displays the SXRD pattern of the washed sample at 300 K. The diffraction peaks 
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from CuO disappeared, and only those from Pv-CuNb2O6 remained. The SXRD pattern revea led 

that Pv-CuNb2O6 has the superstructure with an enlarged 2apc × 2apc × 2apc unit cell, indica t ing 

the formation of an A-site deficient quadruple perovskite- type structure. Previous reports for Pv-

CuTa2O6 show that the cubic and orthorhombic phases can be distinguished from each other, 

seeing the absence or presence of splitting of various diffraction peaks in XRD patterns, such as  

400.52 The layered ordering in the orthorhombic phase causes a difference between a and c-latt ice 

parameters. As shown in the inset of Figure 5, no peak splitting was observed for Pv-CuNb2O6 , 

revealing that it belongs to the cubic symmetry.  

I deduced the space group of Pv-CuNb2O6 based on the two reflection conditions commonly 

found in both the SXRD (Figure 5) and ED (Figure 8) patterns (0kl: k + l = even and 00l: l = even). 

There are nine possible space groups that satisfy the reflection conditions. In order to identify the space 

group, I checked SHG responses of Pv-CuNb2O6 and a reference material (cubic Pv-CuTa2O6). I observed 

that Pv-CuNb2O6 was SHG active, while cubic Pv-CuTa2O6 was SHG inactive (Figure 6). The result for 

Pv-CuTa2O6 agreed with the previous report that the reference compound belongs to the centrosymmetr ic 

space group Pm3̅. In contrast to the case of Pv-CuTa2O6, Pv-CuNb2O6 was found to crystallize in non-

centrosymmetric space group. Considering the SXRD and ED reflection conditions and SHG results 

together, there are three space group candidates (I23, I213, and I4̅3m) for Pv-CuNb2O6. I excluded the two 

space groups other than I23 because they are not compatible with the crystal structure with tilted NbO6 

and planar-coordinated CuO4, characteristic of quadruple perovskites. 

Rietveld refinements against the SXRD data were performed for Pv-CuNb2O6 using the cubic 

I23 structure of Pv-LiCuNb3O9 as an initial model. The occupancies of Nb and O atoms were fixed 

to unity. Some observed peak broadening was selectively relaxed, presumably due to the 

modulated structures observed in the ED experiment (Figure 8 and 9). Refinement converged well 

with a weighted reliability factors of Rwp = 8.65 % and RB = 5.46 %. The Rietveld refinements and 

the structural parameters are shown in Figure. 5 and Table 1. The refined composit ion, 

Cu1.02Nb2O6, implies that Cu2+ ions were slightly reduced to Cu+ ions, forming 

Cu+
0.04Cu2+

0.98Nb2O6.  

In I23 Pv-CuNb2O6, the Jahn-Teller active Cu ions had four shorter (2.021(4) Å) and four longer 

bonds (2.803(4) Å). Because of the significant difference in their lengths, the coordina t ion 

environment of Cu ions can be regarded as a planar one. The overall crystal structures of I23 Pv-
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CuNb2O6 and Pm3̅ Pv-CuTa2O6 look very similar, but one can clearly see the difference in the 

coordination environment of the B-site cations between the two compounds. The B-site cations in 

I23 and Pm3̅ Pv-CuB2O6 are displaced in the direction of the vacant A-sites, i.e., the vertice or 

body canter of the quadruple perovskite unit cell. For non-centrosymmetric I23 Pv-CuNb2O6, four 

Nb5+ ions are significantly displaced toward the vertice, and the remaining four Nb5+ ions are 

largely shifted toward the body center (Figure. 7 (a)). On the other hand, for centrosymmetric Pm3̅ 

Pv-CuTa2O6, all eight Ta5+ ions in the unit cell are slightly displaced toward the vertice because 

of its inversion symmetry (Figure. 7 (b)). Therefore, in Pv-CuNb2O6, the number of B5+ ions 

displaced toward the same position is half of that in Pv-CuTa2O6, which suppresses the 

electrostatic repulsion between B5+ ions. Such a reduced cation-cation repulsion should allow the 

larger second-order Jahn-Teller distortions of Nb5+ ions in Pv-CuNb2O6. Thus, I23 Pv-CuNb2 O6  

with the larger B-site cations displacements has three longer (2.079(5) Å) and three shorter 

(1.903(5) Å) Nb-O bonds (Figure. 7 (c)), whereas the six Ta-O bonds of Pm3̅ Pv-CuTa2O6 are 

almost the same length (1.977(2) Å × 3 and 1.974(2) Å × 3) (Figure. 7 (d)). It is known that both 

Nb5+ (4d0) and Ta5+ (5d0) ions are second-order Jahn-Teller active, but generally, Nb5+ ions are 

more greatly shifted within the BO6 octahedra.34,35 Further information about refined compositions , 

crystal symmetries, lattice volumes, selected bond lengths, bond angles, and bond valence sums 

(BVS)36 of Pv-CuB2O6 (B = Nb, Ta) and Pv-LiCuNb3O9 are listed in Table 2. The BVS values of 

Pv-CuNb2O6 , considering the occupancies, are 1.8 and 5.0 for Cu1 and Nb1, respective ly, 

confirming the Cu2+Nb5+
2O6 model. 

ED experiments were performed at room temperature to examine the crystal symmetry of Pv-CuNb2O6. 

Figure 8 shows the ED patterns for the quasi-single-crystal domain along [11̅0] and [100]. All reflections 

can be indexed with the same cubic unit cell with 2ap × 2ap × 2ap as those in the SXRD pattern. At first 

sight, I suspected that the 001 reflection was present along [11̅0] (the red arrow in Figure 8(a)). However, 

this reflection turned out not to be from the basic structure because the 001 reflection was elliptical (not 

round) in the [11̅0] axis and not observed along the [100] direction (Figure 8(b)). Given that Pv-CuNb2O6 

belongs to I23 as stated above, the hhl reflections with l = odd along the [11̅0] axis should also be 

systematically absent. In fact, they exhibit distorted shapes. Thus, these 00l and hhl reflections with l = 

odd in [11̅0] would be satellite reflections originating from a modulation along the c-axis. 

Satellite reflections, indicated by blue arrows, are also observed in the [100] direction (Figure 8(b)). 
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This observation revealed a modulation along a direction slightly tilted from the c-axis. A possible origin 

of such a structure was the occupancy modulation of Cu ions. As mentioned above, Pv-CuTa2O6 prepared 

via slow cooling exhibits a commensurate structure with the occupancy modulation of Cu ions along c-

axis in the orthorhombic symmetry (Figure 2(a)). In the present case of Pv-CuNb2O6, the modulat ion 

periodicity would be incommensurate with the underlying periodicities of the basic structure. TEM BF 

observations were made for the [100]-oriented sample, and it was confirmed that the domain structures 

were almost perpendicular to the c-axis (Figure 9). These would be related to the modulated structure. 

Sattelite peaks associated with such modulation vector were not observed in our SXRD measurement. 

Further investigations will be required to determine the modulation in detail. 

XANES gives us information about not only the valence state of a given element but also its 

coordination environment.37,38 Figure 10 shows the room-temperature XANES at Cu and Nb K-

edges for Pv-CuNb2O6 and reference materials. The data of CaCu3Ti4O12 was taken with 

permission from a previous report.39 The Cu K-edge XANES of Pv-CuNb2O6 was identical in 

position and shape to that of CaCu3Ti4O12 but was different from those of Pv-CuNbO3, Cu2O and 

CuO. Hence, Cu ions in Pv-CuNb2O6 were found to adopt the same valence and coordina t ion 

environment as those in CaCu3Ti4O12, i.e., Cu2+ ions occupying the square-planar coordinated A' 

sites in quadruple perovskites, AA’3B4O12. As a result, I confirmed that triangular coordinated Cu+ 

ions in Pv-CuNbO3 were changed into square-planar coordinated Cu2+ ions in Pv-CuNb2O6 via the 

topochemical cation deinsertion (see also Figure 1). Note that a little Cu+ ions were shown to be 

present in Pv-CuNb2O6 through our Rietveld analysis, but they were not detected in XANES due 

to their meager fraction. The Nb valency in Pv-CuNb2O6 can be easily estimated to be +5 from 

the similarity of its Nb K-edge XANES to those of Nb2O5 and Pv-CuNbO3.  

To additionally probe the topochemical reaction of Pv-CuNbO3 to Pv-CuNb2O6, thermal 

analysis was carried out for high-pressure-synthesized Pv-CuNbO3. Figure 11(a) depicts the TG-

DTA curves between 300 and 673 K. The exothermic peak with ~3.6 % weight gain was observed 

around 500–600 K. As demonstrated by XRD data (Figure 11(b)), Pv-CuNbO3 changed into Pv-

CuNb2O6 and CuO after the heating cycle up to 673 K, revealing that the structural instabi l i ty 

locked under the "hard" high-pressure condition was released by the "soft" topochemical cation 

deinsertion. The weight gain corresponds to the change in the oxygen content in the following 

chemical reaction: 
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CuNbO3 + 0.23O2 → 0.46CuO + 1/2Cu1.08Nb2O6 

The chemical composition (Cu1.08Nb2O6) estimated by TG-DTA is in good agreement with the 

refinement result (Cu1.02Nb2O6) of SXRD data.  

Furthermore, it is known that rhombohedral perovskite- type (LiNbO3-type) CuTaO3 can be 

synthesized under high-pressure and high- temperature conditions.40 I found that the high-pressure-

synthesized CuTaO3 transforms into cubic Pv-CuTa2O6 and CuO after post-annealing above 673 

K and at ambient pressure (Figure 12). Namely, our “hard-soft” method also brings about the 

formation of a cubic Pv-CuTa2O6 via topochemical cation deinsertion, ensuring the availability of 

this approach. 

 

5.2.2 Magnetic and Dielectric Properties 

Figure 13 shows the temperature dependence of magnetic susceptibility, χ, of Pv-CuNb2 O6  

measured at 100 Oe under field-cooling (FC) and zero-field cooling (ZFC) conditions. The 

separation between FC and ZFC curves is observed below 20 K. As the temperature decreases, the 

FC susceptibility gradually increases. In comparison, the ZFC susceptibility shows a cusp at 12 K. 

There is no difference between FC and ZFC susceptibilities above 20 K. I analyzed the M-T curve 

in the temperature range of 100 to 400 K based on the Curie-Weiss law described by the following 

equation: 

χ = χ0 + C / (T − θW), 

where χ0 is a temperature- independent term, C is the Curie constant, and θW is the Weiss 

temperature. I obtained χ0 = 3.03(6) × 10−4 emu Oe−1 mol−1, C = 0.397(3) emu K Oe−1 mol−1 and 

θW = −22.9(7) K. The calculated Curie constant agrees with that expected for 0.98Cu2+ (0.368 emu 

K Oe−1 mol−1) in the refined composition (Cu+
0.04Cu2+

0.98)Nb2O6. The negative Weiss tempera tu re 

indicates that antiferromagnetic interactions between Cu2+ ions dominate the paramagnetic region. 

Indeed, an antiferromagnetic transition was observed as a cusp at TN = 12 K under ZFC condit ion.  

To investigate the antiferromagnetic transition in detail, I measured the specific heat. Figure 14(a) 

depicts temperature dependence of the total specific heat divided by temperature, Cp T−1. The λ-

type peak is observed around 10 K, indicating the long-range antiferromagnetic ordering. Cp T−1  

can be fitted with the following equation below 60 K: 

Cp T−1 = γ + β1T2 + β2T4, 
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where γ is the Sommerfeld coefficient, β1 and β2 are the lattice contributions. I obtained γ = 

0.131(5) J mol−1 K−2, β1 = 1.67(6) × 10−4 J mol−1 K−4 and β2 = −1.7(2) × 10−8 J mol−1 K−6. The β1 

value gives a Debye temperature, θD, of 472 K, close to those reported for other quadrup le 

perovskites (407–543 K).47–49 I comparatively measured the specific heat of the cubic Pv-CuTa2 O6  

and found that its γ value (0.168(4) J mol−1 K−2) and θD value (410 K) are almost the same as those 

of Pv-CuNb2O6, respectively (Figure 16). The large values of γ are typically caused by strong 

electron correlations, as in heavy fermions.50,51 However, considering Pv-CuB2O6 (B = Nb, Ta) 

compounds were not metallic, the competition of antiferromagnetic and ferromagnetic interact ions 

would realize their apparently large γ values, as reported in other insulating materials.52,53 I 

extracted the magnetic specific heat, Cm, by subtracting the lattice contributions from Cp. The 

estimated values of Cm T−1 and ΔS = ∫(𝐶m 𝑇−1 )𝑑𝑇  are provided in Figure 14(b). The ΔS value 

was estimated in the temperature range below 25 K, corresponding to the higher- temperature side 

of the λ-type peak in Cp T−1. The obtained entropy (4.7 J mol−1 K−1) was about 82 % of the ideal 

value for Cu0.04
+Cu0.98

2+Nb2O6 (5.65 J mol−1 K−1), indicating that the long-range ordered magne tic 

structure is well established in the vicinity of the transition temperature. Similar phenomena, i.e., 

the antiferromagnetic transition around 10 K and the FC-ZFC separation below 10 K, were also 

observed in the cubic Pm3̅ Pv-CuTa2O6 (Figure 15 and 16). 

It has been reported that Pv-ACu3B4O12 with a nonmagnetic d0 cation in the B-site (e.g., 

CaCu3Ti4O12,41–43 CdCu3Ti4O12,43 CaCu3Zr4O12
44 and cubic Pv-CuTa2O6

33) shows 

antiferromagnetism due to the antiferromagnetic Cu-O-B-O-Cu super-exchange interaction. Pv-

CuB2O6 (B = Nb, Ta) possesses Nb5+ (4d0) or Ta5+ (5d0) cation in the B-site, and thus, the 

antiferromagnetic super-exchange interactions are expected to work between the nearest Cu2 + 

spins. The separation between the FC and ZFC susceptibilities of Pv-CuB2O6 at low temperatures 

would come from the competition of antiferromagnetic super-exchange interaction with 

ferromagnetic direct-exchange interaction between the nearest Cu2+ spins. 44–46  

Further, I examine the dielectric properties of Pv-CuNb2O6. In the measurements, both surfaces 

of pelletized samples with a relative density of 87 % were polished and sputtered with gold. Figure 

17 presents the frequency dependence of real and imaginary parts of the dielectric constant, ε’, ε’’, 

and loss tangent, tanδ, at room temperature. The value of ε’ is about 102 at 1 MHz, but it increases 

with decreasing frequency and eventually reaches nearly 105. The frequency dependence of ε’ and 
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its order of magnitude resemble well those reported for the quenched cubic Pv-CuTa2O6.30 The 

unusual dielectric constant enhancement in the low-frequency region for Pv-CuNb2O6 would be 

attributed to an extrinsic factor, where space charges and long-range hopping conductions 

significantly enhance the complex dielectric constant, especially in the low-frequency region. It 

should be mentioned that the same mechanism has been applied to Pv-CuTa2O6 to explain the 

enhancement of its dielectric constant.26,27,30 I, therefore, analyzed dielectric constant with a mode l 

involving the complex conductivity, as employed in previous reports:30,54,55 

ε’ = ε∞ + 
(𝜀𝑠 − 𝜀∞)[1 + (𝜔𝜏)1 − 𝛼 sin(

𝛼π

2
)]

1 + 2(𝜔𝜏)1−𝛼 sin(
𝛼π

2
) + (𝜔𝜏)2 − 2𝛼

 + 
𝜎′′

𝜀0𝜔s  , 

ε’’ = (εs − ε∞) 
(𝜔𝜏)1 − 𝛼 cos(

απ

2
)

1 + 2(𝜔𝜏)1 − 𝛼 sin(
απ

2
) + (𝜔𝜏)2 − 2𝛼

 + 
𝜎′

𝜀0𝜔s  , 

where εs is the static dielectric constant, ε∞ is dielectric constant at the high-frequency limit, ω is 

the angular frequency, τ is the mean dielectric relaxation time, 0 < α < 1 is the distribution of the 

dielectric relaxation, σ’ is the long-range carrier hopping conduction, σ’’ is the parameter 

associated with space charges, and 0 < s < 1 is the distribution of the carrier polarization relaxat ion. 

There is only a slight discrepancy between the fitted curves and experimental values. I obtained εs 

= 6.0(2) × 104, ε∞ = 6.4(9) × 10, τ = 1.1(1) × 10−1 s, α = 0.367(1), σ’ = 3.6667(2) × 10−4 S m−1, σ’’ 

= 2.31(4) × 10−6 S m−1 and s = 0.9958(1). The calculated σ’’ value is in the same order of 

magnitude as that reported for cubic Pm 3̅  Pv-CuTa2O6 (1.15 × 10−6),47 indicating that the 

dielectric constant is enhanced by space charge to the same extent in both cases. On the contrary, 

the presence of conductive carriers leads to an increase in ε’’, with the value of tanδ close to 100 in the 

low-frequency region. 

The temperature dependence of ε′ and tanδ for Pv-CuNb2O6 measured between 300 and 500 K 

at 1, 10, and 100 kHz are illustrated in Figure 18. One can see that the values of ε′ and tanδ 

increased with increasing temperature for all measurement frequencies. According to our high -

temperature SXRD experiment, Pv-CuNb2O6 was found not to exhibit any phase transitions at this 

temperature range (Figure 19). The enhancements in ε′ and tanδ would be originating from 

thermally activated carriers, as observed in CaCu3Ti4O12
16–19 and Pv-CuTa2O6.26,27,30 One of the 

possible reasons for the space charge in Pv-CuNb2O6 is the formation of a core-shell structure due 
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to the concentration distribution of Cu. When Cu is removed from Pv-CuNbO3, Cu would not be 

completely released in the bulk but be entirely eliminated at grain boundaries. In such a way, Pv-

Cu1+xNb2O6 in the bulk would exhibit semiconducting conduction due to the Cu+-Cu2+ hopping 

mechanism, while CuNb2O6 at the grain boundary would be more insulating due to the suppress ed 

hopping conduction. The difference in the conducting behaviours will lead the space charges. 

High-dielectric constant materials have been intensively studied for high energy density storag e 

and microelectronic applications.56,57 Pv-CuNb2O6 may also become a subject of research in the 

future. However, since it suffers from large tanδ values, it is necessary to reduce the values for 

practical use by doping and so forth, as has been studied for CaCu3Ti4O12.58–60 

 

5.3 Summary of This Chapter  

 

A novel A-site deficient quadruple perovskite-type oxide, CuNb2O6, has been successfully prepared by 

high-pressure synthesis and post-annealing at ambient pressure, representing a rare example of “hard-soft” 

chemistry with cation deinsertion. It forms a non-centrosymmetric cubic I23 structure. My study revealed 

that an antiferromagnetic transition occurs at TN = 12 K. I also find that the dielectric constant was 

enhanced in Pv-CuNb2O6 by space charges as in the related quadruple perovskite-type compounds, 

CaCu3Ti4O12 and CuTa2O6.  
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5.4 Tables and Figures 

 
 

Table 1. Refined structural parameters of Pv-CuNb2O6 at 300 K 

atom site g x y z U / Å2 

Cu1 6b 0.680(2) 0 1/2 1/2 0.0049(3) 

Nb1 8c 1 0.25970(4) = x = x 0.0078(2) 

O1 24f 1 0.9978(6) 0.3038(4) 0.1834(4) 0.0142(8) 

Space group: I23 (No. 197), Z = 4, Cu1.02Nb2O6 (fw = 346.67 g mol−1), a = 7.52516(3) Å, V = 

426.135(3) Å3, Rwp = 8.65 % and RB = 5.46 %. 

 

Table 2. Refined composition, crystal symmetry, lattice volume, bond lengths, bond angles, and BVS for 

CuNb2O6, and those for CuTa2O6 and LiCuNb3O9, as previously reported.24,25 

 CuNb2O6 CuTa2O6 LiCuNb3O9 

Refined 
composition 

Cu1.02Nb2O6 Cu1.01Ta2O6 LiCuNb3O9 

Crystal 
symmetry 

cubic I23
 

 cubic Pm3
_

 cubic I23
 

 

V /Å3 426.13 419.69 426.72 

Bond length 
/Å 

Cu1-O1 2.021(4) × 4 Cu1-O2 2.033(3) × 4 Cu1-O1 2.02(2) × 4 

   Cu2-O1 2.033(3) × 4   
 Nb1-O1            1.903(5) × 3 Ta1-O1            1.974(2) × 3 Nb1-O1            1.92(3) × 3 

     -O1            2.079(5) × 3    -O2            1.977(2) × 3     -O1            2.07(3) × 3 
Bond angles 

/ ° 
Nb1-O1-

Nb1 
142.2(2) Ta1-O1-Ta1 143.0(2) Nb1-O1-

Nb1 
142.2(10) 

   Ta1-O2-Ta1 142.4(2)   
BVS Cu1 1.9 Cu1 1.9 Cu1 1.6 

   Cu2 1.9   
 Nb1 5.0 Ta1 5.2 Nb1 4.9 
References This work 24 25 



69 

 

 

 

Figure 1. Crystal structures of Pv-CuNbO3 (upper) and Pv-CuNb2O6 (lower), highlighting that the 

topochemical cation deinsertion alters the local environment around Cu ions from triangu lar 

coordination into square-planar coordination while maintaining the NbO6 octahedral network. 

 

 

Figure 2. Crystal structures of (a) orthorhombic Pv-CuTa2O6 with Cu-Cu layered ordering, (b) 

cubic Pv-CuTa2O6 without Cu-Cu layered ordering, and (c) cubic Pv-LiCuNb3O9.  



70 

 

20 40 60 80

In
te

n
s
it

y
 /
 a

rb
. 
u

n
it

s

2θ / degree

CuO

Pv-CuNb2O6

Pv-CuNbO3

 

 Post-annealed

 As-synthesized

 

Figure 3. Laboratory XRD patterns (Cu Kα) at room temperature of high-pressure-synthes ized 

CuNbO3 (black line) and that post-annealed at 773 K (red line). The light blue, purple, and light 

green ticks correspond to the Bragg positions for CuO, Pv-CuNb2O6, and Pv-CuNbO3 , 

respectively. 

 

 

Figure 4. HAADF-STEM images for the post-annealed mixture grains of Pv-CuNb2O6 and CuO. (a) and 

(d) represent the appearance of grain 1 and grain 2, respectively. (b) Cu and (c) Nb EDX mapping for 

grain 1, and (e) Cu and (f) Nb EDX mapping for grain 2. The association of the smaller grains containing 

only Cu atom (CuO) on the larger grains containing both Cu and Nb atoms (Pv-CuNb2O6) is observed. 
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Figure 5. Rietveld refinements against the SXRD pattern (λ = 0.75003 Å) of Pv-CuNb2O6 at room 

temperature, showing the observed (red circles) and calculated (solid black lines) profiles. The 

solid blue lines represent the difference between the observed and calculated profiles. The green 

ticks correspond to the positions of the allowed Bragg reflections. The inset is an enlarged view 

of 400 peak, indicating no peak splitting. 

 

 

Figure 6. Oscilloscope traces of the SHG signals for Pv-CuNb2O6 and quenched cubic Pv-CuTa2 O6  

(centrosymmetric reference) at room temperature.  
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Figure 7. Local environments of the B-site cations in (a), (c) I23 Pv-CuNb2O6 and (b), (d) Pm3̅ 

Pv-CuTa2O6. The black arrows indicate the off-center B-site cations displacements. The direct ions 

of the eight B-site cations displacements are displayed in the unit cell of (a) Pv-CuNb2O6 and (b) 

Pv-CuTa2O6. The magnitude of the B-site cations displacements and the B-O bond lengths within 

the BO6 octahedra are shown for (c) Pv-CuNb2O6 and (d) Pv-CuTa2O6. 

 

 

Figure 8. ED patterns of Pv-CuNb2O6 at room temperature taken along (a) [11̅0] and (b) [100]. 

Representative indices are shown just to the right of the corresponding spots. The red arrow in (a) 

and blue arrows in (b) represent satellite reflections  



73 

 

 

 

Figure 9. TEM BF images of [100]-oriented Pv-CuNb2O6. The diffraction vector, g, is set to in-

plane (a) [010] and (b) [01
_

1]. The red arrows in (b) represent the domain structures. Only when 

observed with g = 01
_

1, domain structures perpendicular to the c-axis (red arrows in (b)) can be 

observed. 

 

 

Figure 10. (a) Experimental Cu K-edge XANES spectrum at room temperature of Pv-CuNb2O6 (black) in 

comparison with those of Pv-CuNbO3 (red), Cu2O (blue), CuO (light green), and CaCu3Ti4O12 (purple). 

(b) Experimental Nb K-edge XANES spectrum at room temperature of PvCuNb2O6 (black) in comparison 

with those of Pv-CuNbO3 (red) and Nb2O5 (blue) 
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Figure 11. (a) TG-DTA curves for Pv-CuNbO3 between 300 and 673 K and (b) laboratory XRD pattern 

(CuKα) measured at room temperature after heating of high-pressure-synthesized Pv-CuNbO3 to 673 K 

in the TG-DTA experiment. The light blue and blue ticks correspond to the Bragg positions for CuO and 

Pv-CuNb2O6, respectively. 

 

 

Figure 12. (a) TG-DTA curves measured between 300 and 1073 K for high-pressure-synthes ized 

Pv-CuTaO3. The exothermic peak with ~2 % weight gain (estimated by subtracting background 

level) was observed at around 600 K, corresponding to the topochemical reaction: CuTaO3 + 

0.19O2 → 0.38CuO + Cu1.24Ta2O6. (b) Laboratory XRD pattern (CuKα) measured at room 

temperature after heating of high-pressure-synthesized Pv-CuTaO3 to 1073 K in the TG-DTA 

experiment. The light blue and blue ticks correspond to the Bragg positions for CuO and Pv-

CuTa2O6, respectively.  
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Figure 13. Temperature dependence of magnetic susceptibility, χ = M H−1, of Pv-CuNb2 O6  

measured at H = 100 Oe after field cooling (FC) and zero-field cooling (ZFC). The black filled 

and open circles represent the observed FC and ZFC data, whereas the solid red line is the fitted 

curve based on the Curie-Weiss law. 

 

 

Figure 14. (a) The specific heat divided by temperature, Cp T−1 (black dots), and the fitting results 

of the lattice specific heat for Pv-CuNb2O6 (solid red line). (b) The magnetic specific heat divided 

by temperature, Cm T−1 (black dots), and the magnetic entropy (solid blue line).  
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Figure 15. Temperature dependence of magnetic susceptibility, χ = M H−1, of the quenched cubic 

Pv-CuTa2O6 measured at H = 100 Oe after field cooling (FC) and zero-field cooling (ZFC). The 

inset features a magnified view near the antiferromagnetic transition temperature. The black filled 

and open circles represent the observed FC and ZFC data, whereas the solid red line is the fitted 

curve based on the Curie-Weiss law, χ = χ0 + C / (T − θW). Following parameters were obtained : 

χ0 = −1.49(6) × 10−4 emu Oe−1 mol−1, C = 0.402(3) emu K Oe−1 mol−1 and θW = −13.8(6) K. 

 

 

Figure 16. (a) The specific heat divided by temperature, Cp T−1 (black dots), and the fitting results 

of the lattice specific heat for quenched cubic Pv-CuTa2O6 (solid red line), based on the following 

equation below 50 K, C/T = γ + β1T2 + β2T4. (b) The magnetic specific heat divided by temperature, 

Cm T−1 (black dots), and the magnetic entropy (solid blue line) below 20 K. Following paramete rs 

were obtained: γ = 0.168(4) J mol−1 K−2, β1 = 2.55(7) × 10−4 J mol−1 K−4 and β2 = −4.2(2) × 10−8 J 

mol−1 K−6 and ΔS = 4.7 J mol−1 K−1.  



77 

 

 

Figure 17. Frequency-dependent real and imaginary parts of the dielectric constant, ε’ and ε’’ 

(black filled and open circles in the upper panel), and loss tangent, tanδ (black dots in the lower 

panel), of Pv-CuNb2O6 at room temperature. The solid red and blue lines in the upper panel are 

the fitted curve based on a model involving the contribution of complex conductivity. 
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Figure 18. A temperature-dependent real part of the dielectric constant, ε’ (the upper panel), and 

loss tangent, tanδ (the lower panel), between 300 and 500 K. The blue, red, and black filled circ les 

represent data measured at 1, 10 and 100 kHz. 

 

 

 

Figure 19. Temperature evolution of SXRD patterns (λ = 0.77443 Å) of Pv-CuNb2O6 in the 

temperature range of 300 to 800 K.  

5 10 15 20 25

In
te

n
s
it

y
 /
 a

rb
. 
u

n
it

s

2θ / degree

   800 K

   700 K

   600 K

   500 K

   400 K

   300 K

200

220

400



79 

 

5.5 References 

 

(1)  Schaak, R. E.; Mallouk, T. E. Perovskites by Design: A Toolbox of Solid-State Reactions. Chem. 

Mater. 2002, 14 (4), 1455–1471. 

(2)  Kageyama, H.; Hayashi, K.; Maeda, K.; Attfield, J. P.; Hiroi, Z.; Rondinelli, J. M.; Poeppelmeier, K. 

R. Expanding Frontiers in Materials Chemistry and Physics with Multiple Anions. Nat. Commun. 

2018, 9 (1), 772. 

(3)  Gupta, A. S.; Akamatsu, H.; Strayer, M. E.; Lei, S.; Kuge, T.; Fujita, K.; dela Cruz, C.; Togo, A.; 

Tanaka, I.; Tanaka, K.; Mallouk, T. E.; Gopalan, V. Improper Inversion Symmetry Breaking and 

Piezoelectricity through Oxygen Octahedral Rotations in Layered Perovskite Family, LiRTiO 4(R= 

Rare Earths). Adv. Electron. Mater. 2016, 2 (1), 1500196. 

(4)  Zhang, H.; Gao, S.; Zhang, Q.; Wu, J.; Liang, J.; Dong, C.; Gu, L.; Dong, S.; Sun, J.; Liao, F.; Lin, 

J.; Zou, R.; Li, G. Topotactic Reduction toward a Noncentrosymmetric Deficient Perovskite 

Tb0.50Ca0.50Mn0.96O2.37 with Ordered Mn Vacancies and Piezoelectric Behavior. Chem. Mater. 2017, 

29 (22), 9840–9850. 

(5)  Sturza, M.; Daviero-Minaud, S.; Kabbour, H.; Gardoll, O.; Mentré, O. Fluorination of Iron Hexagonal 

Perovskites Promoting Low Temperature Oxygen Mobility. Chem. Mater. 2010, 22 (24), 6726–6735. 

(6)  Kobayashi, Y.; Hernandez, O. J.; Sakaguchi, T.; Yajima, T.; Roisnel, T.; Tsujimoto, Y.; Morita, M.; 

Noda, Y.; Mogami, Y.; Kitada, A.; Ohkura, M.; Hosokawa, S.; Li, Z.; Hayashi, K.; Kusano, Y.; Kim, 

J. E.; Tsuji, N.; Fujiwara, A.; Matsushita, Y.; Yoshimura, K.; Takegoshi, K.; Inoue, M.; Takano, M.; 

Kageyama, H. An Oxyhydride of BaTiO3 Exhibiting Hydride Exchange and Electronic Conductivity. 

Nat. Mater. 2012, 11 (6), 507–511. 

(7)  Arévalo-López, A. M.; Rodgers, J. A.; Senn, M. S.; Sher, F.; Farnham, J.; Gibbs, W.; Attfield, J. P. 

“Hard-Soft” Synthesis of SrCrO3-δ Superstructure Phases. Angew. Chem. Int. Ed. 2012, 51 (43), 

10791–10794. 

(8)  Arevalo-Lopez, A. M.; Liang, B.; Senn, M. S.; Murray, C.; Tang, C.; Attfield, J. P. Hard–Soft 

Synthesis of a New Series of Vacancy-Ordered Perovskites, CaCrO3−δ. J. Mater. Chem. C 2014, 2 

(44), 9364–9367. 

(9)  Su, Y.; Tsujimoto, Y.; Fujii, K.; Masubuchi, Y.; Ohata, H.; Iwai, H.; Yashima, M.; Yamaura, K. 

Stepwise Topochemical Fluorination of SrCrO3 Perovskite via a Super-Structured Oxide. Chem. 



80 

 

Commun. 2019, 55 (50), 7239–7242. 

(10)  Juillerat, C. A.; Tsujimoto, Y.; Chikamatsu, A.; Masubuchi, Y.; Hasegawa, T.; Yamaura, K. 

Fluorination and Reduction of CaCrO3 by Topochemical Methods. Dalton Trans. 2020, 49 (6), 1997–

2003. 

(11)  Felten, E. J. The Preparation of CuNb2O6 and CuTa2O6. J. Inorg. Nucl. Chem. 1967, 29 (4), 1168–

1171. 

(12)  Wahlström, E.; Marinder, B.-O. Phase Analysis Studies in the Copper-Niobium-Oxygen System. 

Inorg. Nucl. Chem. Lett. 1977, 13 (11), 559–564. 

(13)  Drew, M. G. B.; Hobson, R. J.; Padayatchy, V. T. Synthesis, Single-Crystal Structure and 

Magnetic Properties of Orthorhombic CuNb2O6. J. Mater. Chem. 1993, 3 (8), 889–892. 

(14)  Drew, M. G. B.; Hobson, R. J.; Padayatchy, V. T. Synthesis, Structure and Magnetic Properties 

of Monoclinic CuNb2O6 and the Electronic Spectra of Both Polymorphs of CuNb2O6. J. Mater. Chem. 

1995, 5 (11), 1779–1783. 

(15)  Kumada, N.; Kinomura, N. Topochemical Preparation of LiNbO3 Type Li1−xCuxNbO3 from 

CuNb2O6. Mater. Res. Bull. 1990, 25 (7), 881–889. 

(16)  Ramirez, A. P.; Subramanian, M. A.; Gardel, M.; Blumberg, G.; Li, D.; Vogt, T.; Shapiro, S. M. 

Giant Dielectric Constant Response in a Copper-Titanate. Solid State Commun. 2000, 115 (5), 217–

220. 

(17)  Subramanian, M. A.; Li, D.; Duan, N.; Reisner, B. A.; Sleight, A. W. High Dielectric Constant in 

ACu3Ti4O12 and ACu3Ti3FeO12 Phases. J. Solid State Chem. 2000, 151 (2), 323–325. 

(18)  Homes, C. C.; Vogt, T.; Shapiro, S. M.; Wakimoto, S.; Ramirez, A. P. Optical Response of High-

Dielectric-Constant Perovskite-Related Oxide. Science 2001, 293 (5530), 673–676. 

(19)  Sinclair, D. C.; Adams, T. B.; Morrison, F. D.; West, A. R. CaCu3Ti4O12: One-Step Internal Barrier 

Layer Capacitor. Appl. Phys. Lett. 2002, 80 (12), 2153–2155. 

(20)  Lunkenheimer, P.; Fichtl, R.; Ebbinghaus, S. G.; Loidl, A. Nonintrinsic Origin of the Colossal 

Dielectric Constants in CaCu3Ti4O12. Phys. Rev. B 2004, 70 (17), 1–4. 

(21)  Singh, L.; Rai, U. S.; Mandal, K. D.; Singh, N. B. Progress in the Growth of CaCu3Ti4O12 and 

Related Functional Dielectric Perovskites. Prog. Cryst. Growth Charact. Mater. 2014, 60 (2), 15–62. 

(22)  Ahmadipour, M.; Ain, M. F.; Ahmad, Z. A. A Short Review on Copper Calcium Titanate (CCTO) 

Electroceramic: Synthesis, Dielectric Properties, Film Deposition, and Sensing Applicat ion. 



81 

 

Nanomicro Lett 2016, 8 (4), 291–311. 

(23)  Reinen, D.; Propach, V. Verbindungen Mit Cu2+-Ionen Auf Den a-Plaetzen von Perowskiten 

ABO3. Inorg. Nucl. Chem. Lett. 1971, 7 (7), 569–572. 

(24)  Propach, V. Kristallstruktur von Ca0.5Cu1.5Ti2O6, Cu1.5TaTiO6 Und CuTa2O6. Das 

Spektroskopische Verhalten von Cu2+-Ionen in Kuboktaedrischer Umgebung. Z. Anorg. Allg. Chem. 

1977, 435 (1), 161–171. 

(25)  Sato, M.; Hama, Y. Structure of New Perovskite-Related Compounds, LiCuM3O9 (M = Nb, Ta). 

J. Mater. Chem. 1993, 3 (3), 233–236. 

(26)  Renner, B.; Lunkenheimer, P.; Schetter, M.; Loidl, A.; Reller, A.; Ebbinghaus, S. G. Dielectr ic 

Behavior of Copper Tantalum Oxide. J. Appl. Phys. 2004, 96 (8), 4400–4404. 

(27)  Szwagierczak, D.; Kulawik, J. Sintering and Dielectric Properties of Cu2Ta4O12 Ceramics. J. Eur. 

Ceram. Soc. 2008, 28 (10), 2075–2083. 

(28)  Chen, X.; Ma, D.; He, F.; Huang, G.; Zhou, H. Origin of Giant Dielectric Response in LiCuNb3O9 

Distorted Perovskite Ceramics. J. Eur. Ceram. Soc. 2017, 37 (4), 1861–1864. 

(29)  Gao, D.; Xie, J.; Jiang, X.-M.; Liu, H.; Li, G.; Wang, J.; Zhang, L.; Xiong, F.; Hu, W. Colossal-

Permittivity Behaviors in A-Site Distorted Double-Perovskite LiCuNb3O9 with Correlated 

Magnetoelectric Effect and Variable-Range Hopping. ACS Appl. Electron. Mater. 2019, 1 (1), 64–74. 

(30)  Chen, K.; Liu, M.; Li, G.; Wang, J.; Lei, X.; Yu, Q.; Hu, C.; Li, Z.; Liu, L. Enhancement of 

Dielectric Response by the Interaction of Point Defect and Grain Boundary in Copper Tantalate 

Oxides. Ceram. Int. 2021, 47 (11), 16178–16185. 

(31)  Ahmed, R.; Wang, J.; Si, R. J.; Rehman, S. ur; Li, T.; Bi, H.; Yu, Y.; Li, Q. J.; Li, Y. D.; Huang, 

S. G.; Guo, Y. M.; Wang, C. C. Jahn-Teller Assisted Polaronic Electron Hopping in LiCuNb3O9. J. 

Eur. Ceram. Soc. 2021, 41 (4), 2625–2632. 

(32)  Gao, D.; Xie, J.; Wang, J.; Hu, W. B-Site Octahedral Bridge and A-Site Polyvalent Cu Cations 

Related Electron Hopping in LiCuNb3O9-Based Colossal Permittivity Materials. J. Mater. Chem. C 

Mater. Opt. Electron. Devices 2021. 

(33)  Ebbinghaus, S. G. Influence of Composition and Thermal Treatment on the Properties of 

Cu2+xTa4O12+δ. Prog. Solid State Chem. 2007, 35 (2), 421–431. 

(34)  Kunz, M.; Brown, I. D. Out-of-Center Distortions around Octahedrally Coordinated D0 

Transition Metals. J. Solid State Chem. 1995, 115 (2), 395–406. 



82 

 

(35)  Gagné, O. C.; Hawthorne, F. C. Bond-Length Distributions for Ions Bonded to Oxygen: Results 

for the Transition Metals and Quantification of the Factors Underlying Bond-Length Variation in 

Inorganic Solids. IUCrJ 2020, 7 (Pt 4), 581–629. 

(36)  Brese, N. E.; O’Keeffe, M. Bond-Valence Parameters for Solids. Acta Crystallogr. B 1991, 47 (2), 

192–197. 

(37)  Schmidt, R.; Stennett, M. C.; Hyatt, N. C.; Pokorny, J.; Prado-Gonjal, J.; Li, M.; Sinclair, D. C. 

Effects of Sintering Temperature on the Internal Barrier Layer Capacitor (IBLC) Structure in 

CaCu3Ti4O12 (CCTO) Ceramics. J. Eur. Ceram. Soc. 2012, 32 (12), 3313–3323. 

(38)  Shimizu, K.-I.; Maeshima, H.; Yoshida, H.; Satsuma, A.; Hattori, T. Ligand Field Effect on the 

Chemical Shift in XANES Spectra of Cu(II) Compounds. Phys. Chem. Chem. Phys. 2001, 3 (5), 862–

866. 

(39)  Yamada, I.; Odake, T.; Tanaka, A.; Okazaki, Y.; Toda, F.; Ishii, Y.; Taniguchi, T.; Kawaguchi, S.; 

Hariki, A. A Sequential Electron Doping for Quadruple Perovskite Oxides ACu3Co4O12 (A = Ca, Y, 

Ce). Inorg. Chem. 2020, 59 (13), 8699–8706. 

(40)  Sleight, A. W.; Prewitt, C. T. Preparation of CuNbO3 and CuTaO3 at High Pressure. Mater. Res. 

Bull. 1970, 5 (3), 207–211. 

(41)  Koitzsch, A.; Blumberg, G.; Gozar, A.; Dennis, B.; Ramirez, A. P.; Trebst, S.; Wakimoto, S. 

Antiferromagnetism in CaCu3Ti4O12 Studied by Magnetic Raman Spectroscopy. Phys. Rev. B 2002, 

65 (5), 052406. 

(42)  Kim, Y. J.; Wakimoto, S.; Shapiro, S. M.; Gehring, P. M.; Ramirez, A. P. Neutron Scattering Study 

of Antiferromagnetic Order in CaCu3Ti4O12. Solid State Commun. 2002, 121 (11), 625–629. 

(43)  Pires, M. A.; Israel, C.; Iwamoto, W.; Urbano, R. R.; Agüero, O.; Torriani, I.; Rettori, C.; Pagliuso, 

P. G.; Walmsley, L.; Le, Z.; Cohn, J. L.; Oseroff, S. B. Role of Oxygen Vacancies in the Magnetic and 

Dielectric Properties of the High-Dielectric-Constant System CaCu3Ti4O12: An Electron-Spin 

Resonance Study. Phys. Rev. B 2006, 73 (22), 224404. 

(44)  Toyoda, M.; Yamauchi, K.; Oguchi, T. Ab Initio Study of Magnetic Coupling in CaCu3B4O12 (Ti, 

Ge, Zr, and Sn). Phys. Rev. B 2013, 87 (22), 224430. 

(45)  Shiraki, H.; Saito, T.; Yamada, T.; Tsujimoto, M.; Azuma, M.; Kurata, H.; Isoda, S.; Takano, M.; 

Shimakawa, Y. Ferromagnetic Cuprates CaCu3Ge4O12 and CaCu3Sn4O12 with A-Site Ordered 

Perovskite Structure. Phys. Rev. B 2007, 76 (14), 140403. 



83 

 

(46)  Shimakawa, Y.; Shiraki, H.; Saito, T. Unusual Ferromagnetic-to-Antiferromagnetic- to-

Ferromagnetic Transitions in Cu2+ (S = 1⁄2) Cubic Spin Lattice of A-Site Ordered Perovskites. J. Phys. 

Soc. Jpn. 2008, 77 (11), 113702–113702. 

(47)  Levchenko, A. A.; Marchin, L.; Moriya, Y.; Kawaji, H.; Atake, T.; Guillemet-Fritsch, S.; Durand, 

B.; Navrotsky, A. Calorimetric Study of CaCu3Ti4O12, a Ceramic with Giant Permittivity. J. Mater. 

Res. 2008, 23 (6), 1522–1531. 

(48)  Tanaka, S.; Shimazui, N.; Takatsu, H.; Yonezawa, S.; Maeno, Y. Heavy-Mass Behavior of 

Ordered Perovskites ACu3Ru4O12 (A=Na, Ca, La). J. Phys. Soc. Jpn. 2009, 78 (2), 024706–024706. 

(49)  Akizuki, Y.; Yamada, I.; Fujita, K.; Taga, K.; Kawakami, T.; Mizumaki, M.; Tanaka, K. Rattling 

in the Quadruple Perovskite CuCu3V4O12. Angew. Chem. Int. Ed. 2015, 54 (37), 10870–10874. 

(50)  Andres, K.; Graebner, J. E.; Ott, H. R. 4f-Virtual-Bound-State Formation in CeAl3 at Low 

Temperatures. Phys. Rev. Lett. 1975, 35 (26), 1779–1782. 

(51)  Stewart, G. R.; Fisk, Z.; Wire, M. S. New Ce Heavy-Fermion System: CeCu6. Phys. Rev. B 1984, 

30 (1), 482–484. 

(52)  Zhang, S.-Y.; He, Z.-Z.; Yang, M.; Guo, W.-B.; Tang, Y.-Y. Synthesis and Magnetic Properties of 

a New Polymorph of Cu2(VO4)(OH) with a Quasi-2D Layer Structure. Dalton Trans. 2014, 43 (9), 

3521–3527. 

(53)  Shon, W.; Rhyee, J.-S.; Jin, Y.; Kim, S.-J. Magnetic Polaron and Unconventiona l 

Magnetotransport Properties of the Single-Crystalline Compound EuBiTe3. Phys. Rev. B 2019, 100 

(2), 024433. 

(54)  Abdelkafi, Z.; Abdelmoula, N.; Khemakhem, H.; Bidault, O.; Maglione, M. Dielectric Relaxation 

in BaTi0.85(Fe1⁄2Nb1⁄2)0.15O3 Perovskite Ceramic. J. Appl. Phys. 2006, 100 (11), 114111. 

(55)  Liu, L.; Ren, S.; Liu, J.; Han, F.; Zhang, J.; Peng, B.; Wang, D.; Bokov, A. A.; Ye, Z.-G. Localized 

Polarons and Conductive Charge Carriers: Understanding CaCu3Ti4O12 over a Broad Temperature 

Range. Phys. Rev. B 2019, 99 (9), 094110. 

(56)  Pandey, R. K.; Stapleton, W. A.; Tate, J.; Bandyopadhyay, A. K.; Sutanto, I.; Sprissler, S.; Lin, S. 

Applications of CCTO Supercapacitor in Energy Storage and Electronics. AIP Adv. 2013, 3 (6), 

062126. 

(57)  Wang, Y.; Jie, W.; Yang, C.; Wei, X.; Hao, J. Colossal Permittivity Materials as Superior 

Dielectrics for Diverse Applications. Adv. Funct. Mater. 2019, 29 (27), 1808118. 



84 

 

(58)  Hutagalung, S. D.; Ooi, L. Y.; Ahmad, Z. A. Improvement in Dielectric Properties of Zn-Doped 

CaCu3Ti4O12 Electroceramics Prepared by Modified Mechanical Alloying Technique. J. Alloys 

Compd. 2009, 476 (1), 477–481. 

(59)  Boonlakhorn, J.; Kidkhunthod, P.; Chanlek, N.; Thongbai, P. (Al3+, Nb5+) Co–Doped 

CaCu3Ti4O12: An Extended Approach for Acceptor–Donor Heteroatomic Substitutions to Achieve 

High–Performance Giant–Dielectric Permittivity. J. Eur. Ceram. Soc. 2018, 38 (1), 137–143. 

(60)  Jumpatam, J.; Putasaeng, B.; Chanlek, N.; Boonlakhorn, J.; Thongbai, P.; Phromviyo, N.; 

Chindaprasirt, P. Significantly Improving the Giant Dielectric Properties of CaCu3Ti4O12 Ceramics 

by Co-Doping with Sr2+ and F- Ions. Mater. Res. Bull. 2021, 133 (111043), 111043. 

  



85 

 

Chapter 6. General Conclusions 

 

As described in Chapter 1, lead-free ferroelectric materials have been attracting much attention because 

of the environmental concern. In order to design novel lead-free ferroelectrics, I have focused on the 

distortion of non-lead cations, i.e., first- or second-order Jahn-Teller distortions of V4+ and Nb5+. I 

synthesized two novel polar materials, CaMn(Ti1−xVx)2O6 which combine the first-order Jahn-Teller 

distortion of V4+ and an order-disorder type ferroelectric mechanism, and CuNbO3, where the coexistence 

of the second-order Jahn-Teller distortion of Nb5+ with the covalent nature of Cu-O bonding leads to an 

unusual dipole ordering. The latter compound also shows a novel topochemical reaction with cation-

deinsertion, forming a novel colossal permittivity material, CuNb2O6. 

 

 The result in each chapter is summarized as below. 

 

In Chapter 3, I investigated the structural evolution and physical properties of CaMn(Ti1−xVx)2O6. I 

successfully found enhanced spontaneous polarization, by the combination of the first-order Jahn-Teller 

active V4+ ion and an order-disorder mechanism in CaMnTi2O6. The maximum Ps value was observed for 

x = 0.4, and is 1.7 times larger than that for x = 0. On the other hand, the presence of antisite disorder 

between Ca2+ and Mn2+ associated with Mn−V inter-metallic charge transfer hindered such a V4+ 

displacement in V4+-rich composition as shown by our magnetic and HAXPES studies.  

 

In Chapter 4, I found the perovskite-type CuNbO3 shows an unusual temperature- induced ferrielectr ic-

ferroelectric phase transition. The high-temperature phase adopts a “collinear ferroelectric” R3c structure. 

It transforms into the low-temperature “noncollinear ferrielectric” Pc structure at 470 K, accompanied by 

the antiparallel off-center Nb5+ displacement. The Pc structural distortion originates from the coexistence 

of Cu-O and Nb-O covalencies, highlighting that the bonding nature of both cations, as well as the 

tolerance factor, has a great impact on electric dipole order in perovskites. 

 

In Chapter 5, I investigated a novel topochemical reaction, the combination of the high-pressure synthesis 

and subsequent ambient-pressure post-annealing. This reaction represents a rare example of cation-

deinsertion, forming the novel perovskite-type CuNb2O6. I found this compound crystallizes in an A-site 
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deficient quadruple perovskite structure and exhibits colossal dielectric constant up to 104. This colossal 

value can be attributed to an extrinsic effect, i.e., space charge, as previously reported in related quadruple 

perovskite-type compounds, CaCu3Ti4O12 and CuTa2O6.  

 

The conclusion of the whole thesis is that we can design ferroelectric materials exhibiting fascinat ing 

behavior by not just introducing first- or second-order Jahn-Teller active V4+ or Nb5+, but combining these 

cations with other distortions, i.e., order-disorder type ferroelectric mechanism or Cu-O covalency. I 

revealed that in such ways, colossal displacement of V4+ in lead-free compounds and unusual cation dipole 

ordering in a noncollinear ferrielectric manner can be induced, which will provide a new design concept 

for high-performance ferroelectrics. In addition, I successfully observed a novel topochemical reaction 

accompanied by cation-deinsertion. This type of reactions will provide novel metastable functiona l 

materials.  
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